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 Hydrogen is an essential element of the energy industry from fuel cells to nuclear reactors 

and engines. However, its small molecular weight, which makes it attractive for these applications, 

also allows it to easily diffuse through materials and embrittle them. Hydrogen-induced damage 

includes increased ductile to brittle transition temperatures, precipitation of hydrides, and 

decreased interfacial strength between grains due to surface stabilization. Environmental barrier 

coatings (EBCs) can be used to alleviate hydrogen embrittlement by reducing ingress of the 

damaging element into susceptible substrates and thereby extend material lifetimes.  

 Barrier material choice, which determines hydrogen diffusivity, and coating method, which 

determines microstructure and defect type and concentration, are both essential in forming an 

effective hydrogen EBC. In this work, density functional theory is used to screen high temperature 

materials to determine those with the largest activation energy and therefore lowest predicted 

diffusivity resulting in h-BN, c-BN, HfN, ZrN, and WC predicted to perform better than the legacy 

material, W, for high temperature hydrogen permeation prevention. Properties including diffusing 

hydrogen charge state, strain energy, and redistribution of electron density were compared to 

trends in the magnitude of activation energy. In addition, nitrogen vacancy formation energies with 

respect to gaseous nitrogen and ammonia formation were used to predict nitrogen retention at 

elevated temperatures.  

 Atomic layer deposition (ALD) was used to deposit coatings of WN (decomposes to W) 

and BN for thermal testing. ALD uses sequential, self-limited surface reactions to form conformal, 
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pinhole-free coatings that are chemically bonded to the substrate. Because BN was predicted to 

perform well regardless of crystal structure, it was chosen to compare against W. Coatings from 

WN and BN were conformal and uniform on the substrate surface. The film growth rate for BN 

was much faster than that of WN allowing for deposition of thicker barrier coatings of BN on the 

same time scale. Thermal testing in 6% hydrogen atmosphere up to 1770 K confirmed both the 

inert character of the BN coating compared to the WN/W coating and the computational 

predictions of BN as an improved material choice over the legacy material, W.  
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Introduction 

Overview of hydrogen-induced damage 

Hydrogen is an essential element of the energy industry utilized in applications from fuel 

cells [1] and heat generation [2] to the plasma source in terrestrial nuclear reactors for electricity 

production [3, 4], and even as a propellant for in-space propulsion systems [5]. However, hydrogen 

is also responsible for damaging materials via hydrogen embrittlement, hydrogen-induced 

blistering, hydrogen-induced cracking, and hydrogen stress cracking [6-13]. Its small mass which 

makes it desirable for these applications also allows for large permeation rates and hydrogen 

damage. Johnson first described the loss of ductility of metals when immersed in acid in 1875 [14] 

sparking research reported in over 38,000 journal articles since then [15]. Hydrogen induced 

damage has been proposed due to a multitude of mechanisms: pressure buildup from bubbles, 

reduction in surface energy, enhanced dislocation ejection, reduction in cohesive strength, 

enhanced localized plasticity (HELP), vacancy production, increased ductile to brittle transition 

temperature, brittle hydride formation, and phase transformations [7]. 

Absorption of hydrogen is preceded by dissociation of the diatomic molecule (H2) on 

material surfaces followed by atomic diffusion through the bulk of nascent hydrogen (H) [8]. The 

atom can then occupy an interstitial site in the perfect crystal lattice or become trapped at a defect 

site such as a vacancy, grain boundary, or dislocation core as shown in Figure 1.1 [16]. The 

concentration of H in defect sites often exceeds that of H dissolved in the lattice, and H’s 

interaction with these defects forms the foundation for the proposed mechanisms of hydrogen 

damage [8].  
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Figure 1.1 Potential hydrogen-trapping defect sites. Reproduced from Koyama [16]. 

Hydrogen can be introduced during material fabrication and processing leading to internal 

hydrogen embrittlement (IHE) or from the application atmosphere leading to hydrogen 

environmental embrittlement (HEE). The studies detailed in this work address the second type, 

hydrogen environmental embrittlement, through development of environmental barrier coatings 

(EBCs) also referred to as permeation barrier coatings that prevent the ingress of hydrogen into 

susceptible materials. Furthermore, these coatings seek to prevent unnecessary fuel loss through 

outward diffusion in hydrogen storage and transport applications. The work presented in this 

dissertation focuses on the improvement of hydrogen EBCs through both the choice of deposition 

method and selection of the barrier material.  This chapter overviews:  applications requiring the 

mitigation of hydrogen diffusion and its concomitant embrittlement, discussion of previous reports 

of EBCs either used for preventing hydrogen diffusion or for peripheral applications but formed 

from the materials probed in this dissertation, atomic layer deposition (ALD) – the coating method 

utilized, a brief overview of density functional theory – the computational method employed in 

this work, and finally descriptions of the project objectives. 
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Applications afflicted by hydrogen-induced damage  

1.2.1   Nuclear thermal propulsion 

Nuclear thermal propulsion (NTP) engines that utilize hydrogen as a propellant are an 

attractive alternative to chemical combustion engines (hydrogen and oxygen) for in-space 

propulsion systems because they can achieve twice the specific impulse [5]. This improvement 

requires the use of hydrogen as compared to alternative, more inert gases due to the dependence 

of specific impulse on the molecular mass of the propellant [17]. These NTP engines function by 

heating hydrogen to ~2700 K before expelling it from a supersonic nozzle to generate thrust [18]. 

Hexagonal-shaped cermet (i.e. ceramic-metallic) fuel elements containing uranium-based nuclear 

fuel embedded in a metallic, often tungsten (W), matrix are used to heat the hydrogen propellant 

using energy released from fission. Hydrogen flow channels up to only 3 mm in diameter while 1 

m in length are used to maximize the interfacial surface area between the propellant and the heat-

generation source. These fuel elements (Figure 1.2), however, are subject to hydrogen 

embrittlement causing critical fuel loss [19] such as is seen in the cracked surrogate (W-HfN) fuel 

element (Figure 1.3) tested by Hickman et al [20].  

 

Figure 1.2 Hexagonal cermet fuel element design used to heat the hydrogen propellant. Enlarged 

image is used to highlight presence of uranium-based fuel kernels embedded in the tungsten 

matrix. Hydrogen flow channels are present throughout the length of the element. 
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Figure 1.3 Cracked surrogate fuel element of W-HfN after 3 hours of hot hydrogen testing at 

2073 K reproduced from Hickman et al. [20] 

Hydrogen will attack the cermet fuel elements through formation of lower density hydrides 

[10, 21] and H2 bubbles [22, 23], and surface stabilization at grain boundaries [7, 8, 24]. 

Previously, W EBCs have been applied to uranium oxide fuel pellets via chemical vapor deposition 

(CVD) before incorporation within the cermet elements, however the coatings were non-uniform 

and contained low-energy diffusion pathways for hydrogen to diffuse into the susceptible substrate 

[25]. The best method to protect the fuel, however, is to prevent its direct interaction with hydrogen 

by reducing the amount of these diffusion pathways. In addition, CVD utilizes gas-phase reactions 

to form barrier coatings, thereby depositing non-uniformly within high aspect ratio channels. This 

prevents it from conformally coating the length of high-aspect-ratio channels such as the hydrogen 

flow channels within the cermet fuel elements as shown in Figure 1.2 [26, 27].  

1.2.2   Nuclear fusion power plants 

Fusion power plants offer a sustainable method of generating electricity from the 

significant energy released through combining atomic nuclei: deuterium and tritium to form 

helium. This attractive reaction releases energy without forming carbon dioxide and from fuel 

sources that can both be extracted from seawater [28, 29]: deuterium and lithium (used to breed 

tritium). In addition, fusion avoids the possibility of a criticality accident such as that feared in 
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nuclear fission plants [30]. The fusion plant design requires barrier coatings on steel-based 

structural materials to prevent hydrogen embrittlement, buildup of radioactive isotopes in the plant, 

and diffusion into the water coolant as well as into areas with personnel in addition to withstanding 

irradiation and mechanical stresses [31, 32]. Much of the research regarding the interaction of 

hydrogen isotopes with tungsten and the development of hydrogen isotope permeation barriers 

arises from the nuclear community in regards to fusion reactor design.  

1.2.3   The hydrogen economy and hydrogen fuel cells 

As atmospheric carbon dioxide levels and global temperatures increase, so does the need 

for developing carbon-free energy pathways. A major movement in the clean energy sector to 

replace fossil fuels with hydrogen as an energy carrier accompanied by utilization of fuel cells to 

convert hydrogen-based fuel sources into electricity and heat is referred to as “The Hydrogen 

Economy.” Hydrogen fuel cells react hydrogen with an oxidant to generate electricity. When using 

oxygen as the oxidant, these electrochemical devices produce electricity with only water as the 

byproduct. This technology is already utilized in public buses in the USA, Canada, across Europe, 

and Japan [33]. Successful implementation of fuel cell vehicles and on-site electricity generation 

requires use of materials that resist hydrogen permeation and embrittlement for hydrogen-facing 

components in these devices as well as in the transport and storage infrastructure necessary for 

refueling [11, 34].   

Environmental barrier coatings to address hydrogen permeation 

Environmental barrier coatings have the potential to limit hydrogen diffusion and enable 

the use of new technologies. Various growth methods and barrier materials have previously been 

investigated under the limitations of substrate type and application temperature. These systems 

have included pure metals, graphite, carbides, nitrides, and oxides, and have been formed via 
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aluminizing and oxidation [12, 31, 35, 36], atomic [37] and chemical [31, 38] vapor deposition, 

magnetically enhanced plasma ion plating [39], and packed-bed cementing [31]. Research is 

constantly focused on methods to decrease diffusivity and improve compatibility with the substrate 

material. The research presented in this dissertation focuses on computational analysis of better 

barrier materials and experimental analysis of three EBC materials:  tungsten nitride, tungsten, and 

boron nitride deposited via ALD. These materials have been studied by previous researchers either 

using alternate deposition methods or testing in non-reducing atmospheres as summarized below. 

1.3.1   Tungsten 

Tungsten is the current state-of-the-art material in both NTP engines as well as for plasma-

facing materials in fusion reactors due to its high melting point (3,410°C), retained strength at 

elevated temperatures, high thermal conductivity, and low H retention [24]. Much of the research 

regarding H in W stems from the nuclear field [24, 40-46]. The activation energy of at least 1.8 

eV for atomic H absorption into W (110) is much larger than that of other pure metals [24, 41, 47]; 

however, it is not sufficiently high to avoid H absorption at temperatures above ~300°C. 

Furthermore, W exhibits H-induced vacancy formation [42], H trapping and bubble formation in 

lattice vacancies [24, 48], and blistering [49] which can further lead to crack propagation [24]. 

EBCs must effectively prevent interaction between H and susceptible substrates to avoid corrosion.  

1.3.2   Tungsten nitride 

 Tungsten Nitride (WN) is widely used in the semiconductor industry as a copper diffusion 

barrier deposited via reactive magnetron sputtering, CVD, and ALD [50, 51]. Although its stability 

has been observed in these applications up to 600°C [50, 52], higher temperatures will decompose 

the nitride to pure W and gaseous nitrogen (N2) [37, 53]. However, WN is still attractive to deposit 

via ALD for high temperature hydrogen EBC applications given the conformal deposition on metal 
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oxide substrates using the organometallic tungsten precursor in place of direct W deposition using 

WF6 as a precursor, which is substrate-selective with the potential to etch [54].  

1.3.3   Boron nitride 

Thermal ALD often deposits amorphous films which can be crystallized with annealing 

and additional treatments. The low pressures of the ALD system limit crystallization of 

amorphous-deposited boron nitride (BN) films to the hexagonal layered structure (h-BN) [52, 55-

57], as crystallization to the cubic phase requires high pressures (>5.5 GPa) and temperatures 

(>1773 K) [58]. Previous experimental studies, however, have examined both h-BN and cubic BN 

(c-BN) in the context of hydrogen diffusion with favorable results. Deposition of 1 µm of c-BN 

using a 0.5 µm thick SiC tie layer on steel substrates reduction permeability by up to two orders 

of magnitude in [39, 59].  

The dependence of permeability on microstructure is extremely evident in h-BN due to its 

anisotropic crystal structure. Varying the deposition method of h-BN varies the orientation of its 

(002) planes thereby creating either channels for H to enter the substrate or effectively reducing 

diffusion. Ion beam assisted deposition (IBAD) of h-BN resulted in (002) planes oriented 

perpendicular to the substrate allowing facile diffusion and negligible film efficacy [59]. However, 

permeability was observed to reduce through deposition of polycrystalline h-BN films deposited 

via radio frequency magnetron sputtering [60]. In addition, He et al. observed the ability of h-BN 

flakes parallel to their substrate surface to trap H2 bubbles up to 1073 K without outward diffusion 

[61]. These previous studies that underline the importance of microstructure on efficacy of BN 

films support the investigation of starting with an amorphous BN film deposited via ALD that can 

then be annealed to compare to the h-BN films and c-BN films already analyzed. 
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ALD overview 

Materials investigated experimentally in this dissertation were deposited using ALD. ALD, 

sometimes referred to as atomic layer epitaxy, is a subcategory of CVD. The method utilizes 

sequential, self-limited surface reactions to build a chemically-bonded coating. Often, two 

precursors are used with each determining its own “half-reaction” and together defining one full 

ALD cycle as shown in Figure 1.4 reproduced from Grillo et al [62]. The separation of half-

reactions by inert gas purges results in a conformal and low-defect film that is chemically bonded 

to the substrate [27, 63, 64]. This is extremely important in the application of barrier coatings to 

prevent the formation of avoidable low-energy diffusion pathways in comparison with other vapor 

deposition methods.  

 

Figure 1.4 Mechanism for a single ALD cycle of alumina reproduced from Grillo et al. [62] 

Because ALD half-reactions are self-limited and are not line-of-site dependent, high-

aspect-ratio features such as pores and channels as well as nanoparticles can be coated [26, 27, 

63]. Particle ALD utilizes a fluidized bed apparatus such as that shown in Figure 1.5 [65]. This 

allows for conformally coating particles without agglomeration. The uniformity of coatings from 

ALD is observed on both high specific surface area particles and low surface area substrates 

(Figure 1.6). 
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Figure 1.5 Example fluidized bed as used in this work reproduced from Scheffe et al. [65]. 

 

Figure 1.6 Examples of conformal alumina ALD films of 5 nm on nanoparticles (A) reproduced 

from Hakim et al. [66] and 300 nm on a silicon wafer (B) reproduced from Ritala et al. [67] 

DFT overview 

Computational analysis presented in this dissertation relies on the use of Vienna Ab Initio 

Simulation Package (VASP) which employs density functional theory (DFT) to calculate the 

energy of user-defined systems using periodic boundary conditions, either the strongly constrained 

and appropriately normed semilocal density functional (SCAN) or Perdew-Burke-Ernzerhof 
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(PBE) GGA method as noted in the individual chapter’s methods sections and projector augmented 

wave (PAW) pseudopotentials [68-73].  

The solution to the time-independent, many-body Schrodinger’s equation [74]: 

𝐻̂|Ψ⟩ = 𝐸|Ψ⟩ Equation 1.1 

 where 𝐻̂ is the Hamiltonian operator, Ψ the wave function, and E the expectation energy value of 

the system under the Born-Oppenheimer approximation [75] reveals not only the ground state 

energy of a system, but would also allow for observable properties to be extracted from the wave 

function. However, there is no practical manner in which to solve Equation 1.1 for a solid. To 

create a more tractable problem that can be solved using available supercomputing resources, DFT 

relies on the Hohenberg-Kohn Theorems [76] with further development by Kohn and Sham [77]. 

The two Hohenberg-Kohn Theorems state that firstly, the electron density of a system can be used 

to calculate ground-state properties and secondly, the energy functional of a system is minimized 

when the ground state electron density is used. These theorems replaced the need to define the 

ground-state energy of a system in terms of a wave function dependent on N electrons to instead 

use the electron density at a single point. Kohn and Sham later added to these theorems to form 

the basis of Kohn Sham DFT by using non-interacting electrons in an effective potential in place 

of interacting electrons in a static potential. These developments allowed for definition of the 

Kohn-Sham equations:  

(−
ℏ2

2𝑚
∇2 + 𝑣𝑒𝑓𝑓(𝑟)) 𝜑𝑖(𝑟) = 𝜀𝑖𝜑𝑖(𝑟) Equation 1.2 

𝑛(𝑟) = ∑|𝜑𝑖(𝑟)|2

𝑁

𝑖

 Equation 1.3 

Where φi is the one-electron wave function, εi is the eigenstate of the orbital described by the wave 

function, veff is a functional describing the electron-electron interactions, and n is the electron 
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density. The electron interactions contained in veff require an approximation of the exchange 

correlation energy of the electrons and utilization of more accurate functionals improves the 

prediction of a material’s energy and associated properties. However, increased accuracy of this 

functional requires increased computational expense and a balance must be chosen based on the 

requirements of the study. 

Previous uses of ALD for EBCs 

The ALD process is heavily rooted in the semiconductor industry which relies on the 

method to deposit within the high-aspect-ratio features of micro-electronic devices [78]. This 

includes deposition of diffusion barrier materials to prevent copper migration and has led to 

significant research on increasing the maximum operating temperature, layer adhesion, and 

electrical conductivity while minimizing defects [78] in these barriers layers. This has resulted in 

published investigations of ALD of metals and metal nitrides including Ta/TaN [79], TiN [80, 81], 

W [82], WN [50], WNxCy [83], and WC [84]. Deposition of environmental barrier coatings via 

ALD is beginning to gain traction in other industries such as the use of alumina as a gas diffusion 

barrier for organic light emitting diodes [85] TiN as a Li diffusion barrier [86] and mullite to 

prevent oxidation of SiC in aerospace and nuclear applications [87]. 

Project objectives 

The work detailed in this dissertation sought to improve upon high temperature EBCs by 

addressing two main issues:  coating uniformity and barrier material permeability. This was done 

through utilization of ALD methods to deposit WN/W and BN and computational screening of 

refractory materials according to predict hydrogen diffusivity. First, the legacy material for high 

temperature applications, tungsten, was tested via ALD of WN and decomposition to W. 

Computational screening revealed BN as the best candidate for experimental testing in comparison 
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to W. Analysis of H diffusion in high temperature materials was further probed to correlate 

material characteristics with calculated activation energies for H absorption. Thin BN films were 

then deposited via ALD and tested to compare against WN/W coatings. The specific objectives of 

these three research thrusts are described below and outline the sequence of the dissertation. 

1.7.1   W via WN 

This work analyzed the efficacy of WN deposited via ALD as a hydrogen EBC. Its aim 

was to deposit a conformal coating with minimum low-energy hydrogen diffusion pathways. A 

fluidized bed was used to deposit WN via bis(t-butylimido)bis(dimethylamino)tungsten(VI) 

((tBuN)2(Me2N)2W) and ammonia on either zirconia nanopowder or yttria stabilized zirconia 

microspheres. Deposition was characterized on zirconia nanopowder to determine film growth rate 

before coating YSZ with WN. Barrier performance was probed using differential thermal analysis 

in either a hydrogen or pure inert atmosphere. Hydrogen was observed to affect the WN/W 

coatings although increased coating thickness was observed to increase this reaction temperature. 

The specifics of the deposition and the coating performance are discussed in this section.  

1.7.2   Computational Material Screening 

Although W was initially experimentally tested due to its status as the legacy material to 

be used for high temperature hydrogen diffusion, it’s large activation energy (Ea) for hydrogen 

diffusion compared to other pure metals is still less than that of refractory nitrides. Materials with 

melting points above 2700 K were computationally analyzed to determine their Eas for H diffusion 

into the first subsurface layer of the most energetically favorable surface. Candidates suggested 

for experimental testing are those with larger Eas than that of W and the material with the largest 

Ea, BN, was tested in the subsequent section. Computational methods and the material properties 

proposed to contribute to larger Eas are described in this work. 
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1.7.3   BN ALD 

In order to confirm the results of the computational screening, BN was deposited via ALD 

on zirconia and YSZ substrates using BCl3 and NH3 precursors. The growth rate was observed 

much quicker than that of the WN chemistry, allowing for much thicker coatings to address the 

issue of persistent hydrogen reaction with WN-coated substrates. Samples coated with various BN 

thicknesses were probed for hydrogen reactivity using differential thermal analysis (DTA) in either 

H2 or pure inert atmosphere. Stability of the coating was observed and recommendations for further 

testing at higher temperatures and hydrogen concentrations were proposed based on these positive 

results. In addition, DFT was used to further analyze the various diffusion pathways in the 

anisotropic crystal structure of h-BN indicating microstructure will greatly impact barrier efficacy. 

Details of the deposition and thermal and computational analysis are discussed in this study.
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Atomic Layer Deposition of Tungsten Nitride Films as Protective Barriers to Hydrogen 

This chapter appears in the following manuscript: 

Bull, Sarah K., W. Wilson McNeary, Cynthia A. Adkins, Theodore A. Champ, Chanel A. Hill, 

Robert C. O'Brien, Charles B. Musgrave*, and Alan W. Weimer*. Atomic layer deposition of 

tungsten nitride films as protective barriers to hydrogen. Appl. Surf. Sci. 507, 145019 (2020). [37] 

Abstract 

Nanoscale films of tungsten nitride (WN) were deposited as environmental barrier coatings 

(EBCs) by particle atomic layer deposition (ALD) on zirconia nanoparticles and yttria stabilized 

zirconia micropowders. Hydrogen diffusion in tungsten (W) was investigated computationally 

using density functional theory and experimentally using differential thermal analysis of the ALD 

samples in hydrogen at temperatures >1000°C. Reaction of hydrogen with the underlying material 

was delayed but not eliminated by the ALD film, consistent with the low computationally predicted 

hydrogen diffusion barrier in bulk W of 0.19 eV. This is the first study of WN ALD films as EBCs 

for hydrogen above 1000°C. 

Introduction 

Hydrogen (H2) plays a key role in a variety of advanced energy applications from fuel cells 

to nuclear thermal rockets [17, 88]. However, the high diffusivity of H2 into materials and its 

accompanying degradation of materials that it contacts has hindered its successful utilization. This 

large diffusivity is in part due to the small size of atomic hydrogen (H), which allows it to permeate 

more easily into structures than larger species [35]. Environmental barrier coatings (EBCs) for 

blocking H2 diffusion are of interest to prevent the embrittlement of underlying substrates and 

extend their lifetimes. Previously studied coating materials have included pure metals as well as 

alloys, oxides, nitrides, carbides, and polymers [35, 36, 89, 90]. 
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H2 has long been considered for plasmas in nuclear fusion reactors and as a propellant for 

nuclear thermal propulsion [17, 31]. Development of EBCs for the latter application requires that 

the material withstand the high operating temperature of ~2,500˚C. Furthermore, at these 

temperatures H2 and hydrogen radicals (H•) resulting from H2 dissociation readily react with many 

materials, causing preferential etching and hydrogen embrittlement. In the case of nuclear thermal 

propulsion engines, H2 reacts with the uranium (U) fuel to form low-density uranium hydride 

precipitates. The stress caused by the volumetric expansion of the precipitates subsequently leads 

to plastic deformation and fracture of the fuel as well as cracking of the coating film [21].  

W is currently favored as an EBC material because of its high melting point (3,410˚C), 

retained strength at elevated temperatures, high thermal conductivity, and low H2 retention [24]. 

Adsorption and diffusion of H2 in W were previously studied in the context of nuclear fuels [24, 

40-46, 91]. Density functional theory (DFT) was used to predict high energy barriers of at least 

1.8 eV for atomic H absorption into W, suggesting a low concentration of H atoms in W and that 

W would be a good choice as an EBC [24, 41]. However, these barriers are not sufficiently high 

to sufficiently limit H absorption at temperatures above ~300˚C. Furthermore, W lattice vacancies 

are predicted to each trap up to 12 H atoms, which then recombine to form H2 bubbles [40]. EBCs 

must effectively inhibit interaction between U and H to avoid corrosion [21]. In addition to 

examining ALD deposited WN as an EBC to H2, the research reported herein expands on these 

studies by investigating charge transfer during diffusion.  

Atomic layer deposition (ALD) of conformal and pinhole-free films offers a promising 

solution to impede the reaction of H2 with uranium fuel substrates. ALD uses sequential, self-

limited surface reactions to build low-defect films atomic layer-by-atomic layer, thereby limiting 

the number of low energy diffusion pathways [63]. This work focuses on the use of WN ALD to 
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coat surrogate fuel particles in order to test the efficacy of WN/W films as EBCs for preventing H 

diffusion. WN deposition was chosen in place of the traditional W chemistry involving tungsten 

hexafluoride (WF6) in order to take advantage of the less corrosive ALD precursors of WN and to 

avoid the formation of hydrogen fluoride as a byproduct, which may etch the substrate. Deposition 

of WN offers the additional benefit of increased steric hindrance of H diffusion at lower 

temperatures before decomposing into a pure W film at higher temperatures.  

Recent research on ALD of EBCs has shown similar performance between nanometer scale 

ALD films and micrometer scale films deposited via other techniques. For example, alumina and 

mullite ALD nanofilms have proven effective in mitigating steam oxidation of silicon carbide at 

1,000ºC when compared to chemical vapor deposition and physical vapor deposition [87]. An 

additional constraint on coating materials as EBCs is that they require similar coefficients of 

thermal expansion to their substrates to prevent fracture or delamination, especially under thermal 

cycling and at the high temperatures at which nuclear thermal propulsion engines operate. 

Refractory metals currently chosen for their high melting point and low neutron absorption tend 

to exhibit a lower bulk linear thermal expansion coefficient than both uranium nitride (UN) and 

uranium oxide (UO2) fuels [92, 93]. Because film elasticity is enhanced by the reduction of film 

thickness, nanometer scale thin films as deposited by ALD will likely have increased resilience to 

thermal expansion when compared to micrometer thick films currently used as EBCs [94]. Results 

obtained here demonstrate that WN/W films can be deposited via ALD and thermal testing shows 

that these films deposited with 100 ALD cycles increase the reaction temperature of the substrate 

with H2 by 38°C. 
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Materials and methods 

2.3.1   Atomic layer deposition of WN methods 

Zirconia nanopowder (U.S. Research Nanomaterials) and 5% yttria stabilized zirconia 

(YSZ) micropowder (Glen Mills VHD milling powder) were coated with WN in a fluidized bed 

reactor. Schematics for particle ALD reactors are detailed elsewhere [65, 66, 95]. The ALD system 

consisted of a heated reactant manifold and reactor tube in a furnace in which fluidization was 

achieved through adequate flow rates of inert nitrogen carrier gas. Data acquisition and control 

used LabView™. Baratron capacitance manometers (MKS) were installed both before and after 

the reactor tube to measure changes in pressure. An in-line mass spectrometer (MS) (Stanford 

Research Systems QMS 200) tracked relevant m/z peaks to monitor concentration of precursor 

and reaction byproducts in the outlet gas stream.  

The zirconia nanopowder particles had an average diameter of 40 nm with a specific 

surface area of 11.74 m2/g. Six grams of powder were loaded into the fluidized bed reactor with 

no pretreatment and 2 g of powder were removed from the reactor after 10, 25, and 50 ALD cycles, 

respectively. The YSZ powder had an average diameter of 100 m and a theoretical specific 

surface area of 0.01 m2/g. In a separate deposition run, 8 g of the YSZ was loaded and 4 g was 

removed after 65 and 100 ALD cycles, respectively. The powder was secured in the reactor tube 

using two sintered 316SS porous metal filters. The bottom flat filter at the inlet of the precursor 

and inert gas streams also served as a gas distribution diffusion plate to disperse reactants into the 

reactor tube.  

WN ALD was performed at 300˚C. This temperature is within the ALD window reported 

by Becker et al. [50, 53]. Tubing to and from the reactor was kept above 60ºC to prevent reactants 

and byproducts from condensing. The W precursor bubbler was held at 40˚C to increase reactant 
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vapor pressure. The WN chemistry used includes two precursors: bis(t-

butylimido)bis(dimethylamino)tungsten(VI) ((tBuN)2(Me2N)2W) and high purity ammonia as first 

described by Becker et al. [50, 53]. (tBuN)2(Me2N)2W was acquired from Strem Chemicals with a 

purity of at least 97%. Anhydrous ammonia >99.98% was procured from Millipore Sigma. Dosing 

times depended strongly on the amount of surface area and therefore powder in the reactor.  Doses 

averaged 15 and 20 minutes for (tBuN)2(Me2N)2W and ammonia, respectively, and purges were 

performed for 45 minutes.  

The effects of varied annealing conditions were tested on coated samples at either 700ºC 

or 725ºC for five hours under 20% H2 in N2 flow. The temperatures were chosen per Becker et al. 

who observed WN crystallization at 700ºC and sublimation of nitrogen and W crystallization at 

725ºC when annealing for 30 min in forming gas [53]. Fixed monatomic nitrogen content was 

determined both before and after these anneals using a LECO TC600 light element analyzer. 

The WN deposition rate on zirconia nanopowder was determined by inductively coupled 

plasma optical emission spectrometry (ICP-OES) (Thermo Scientific ARL 3410+). W weight 

loading on the 100 WN YSZ sample was determined using inductively coupled plasma mass 

spectrometry (ICP-MS) (Thermo Scientific iCAP Q). Zirconia nanopowder samples were imaged 

using a FEI Titan transmission electron microscope (TEM). The 50 WN ALD sample was also 

imaged with a Tecnai TG30-FEG STwin Scanning TEM (STEM) equipped with EDS. Specific 

surface area (surface area normalized to mass) measurements were taken using a Micromeritics 

Gemini V surface and pore size analyzer. Coated YSZ powder was imaged using scanning electron 

microscopy (SEM) and focused ion beam (FIB)-milled using a FEI Quanta 3D field emission gun. 

FIB-milled samples were imaged using a Titan Themis 200 scanning TEM equipped with an 

energy dispersive x-ray spectroscopy (EDS) system. The thickest coatings on both zirconia 
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nanopowder and YSZ powder were analyzed for surface elements with x-ray photoelectron 

spectroscopy (XPS) using a PHI-5600LS with a monochromatic Al (1486.6 eV) x-ray source. 

Charge neutralization was performed on the insulating samples, and the neutralization electron 

current and energy was chosen to align the C 1s peak to ~284 eV. XPS peaks were fit using values 

from the Handbook of X-ray Photoelectron Spectroscopy (Perkin-Elmer Corporation) [96]. 

2.3.2   Differential thermal analysis methods 

Differential thermal analysis (DTA) was performed using a Netzsch STA 449 F3 with 20 

mL alumina crucibles, which was housed in an argon-purged glovebox. The furnace could not be 

calibrated under the test conditions of a 6% H2 in Ar environment because melting of calibration 

samples or exceeding their Curie temperature would allow for undesirable metal hydride 

formation, which would affect the results. Experimental data were corrected for buoyancy 

contributions using an empty crucible to isolate phenomena from the sample. Purge gas was fed at 

20 cm3/min throughout the experiment, and the temperature was increased at a rate of 10 K/min to 

the furnace maximum of 1883 K where it was held for 2 hours and then ramped down at 15 K/min 

to room temperature.  

2.3.3   Computational methods 

H diffusion was investigated using DFT both from the surface into the first subsurface layer 

of W as well as through bulk W. The Vienna ab initio Simulation Package (VASP) was utilized to 

perform DFT calculations of models of the W surface and bulk structures to predict H diffusion 

barriers [68-72]. Plane wave periodic boundary conditions were used with the Perdew-Burke-

Ernzerhof (PBE) generalized gradient approximation (GGA) exchange correlation functional and 

projector augmented wave (PAW) pseudopotentials [70, 73]. Calculations using a slab model of 

the surface were performed using a 330 eV energy cutoff and a 331 k-point expansion. A W 
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slab model of the surface comprised of 96 atoms was utilized to prevent lateral interactions 

between diffusing H atoms with their periodic images. 12 Å of vacuum space was used to prevent 

interactions of H on the slab surface with the bottom of the periodic image of the slab. Selective 

dynamics was used to perform constrained geometry optimizations and reduce the computational 

expense of the surface calculations. The top three atomic layers were allowed to relax during 

geometry optimizations while the bottom three layers of the slab were frozen at their bulk 

positions. The transition state for H diffusion into the first subsurface layer was determined using 

the dimer method. Bader charge analysis was then used to determine the charge state of the 

diffusing H species. Both of these methods were integrated with VASP using code developed by 

the Henkelman Group [97, 98]. 

Bulk W calculations were performed using a supercell of 64 W atoms and a 777 K-point 

expansion. The K-point expansion was chosen based on a convergence test (Figure 2.1) indicating 

constant calculated energy above 6 k-points in each direction. Diffusion pathways from nearest 

neighboring tetrahedral and octahedral states were investigated using the nudged elastic band 

(NEB) method implemented in VASP by the Henkelman group [97, 99, 100]. This method 

determines the minimum energy pathway between given reactants (initial state in diffusion 

pathway) and products (final state in the diffusion pathway) by optimizing images interpolated 

between the two states. The transition state is the saddle point in the minimum energy pathway 

determined by the NEB method. 
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Figure 2.1 K-point convergence test showing energy versus k-point expansion in all directions 

for the bulk W model 

Theory/calculation 

2.4.1   Computational diffusion analysis 

The approximate dependence of diffusivity on temperature is described by the equation  

𝐷 = 𝑎2𝑣 exp (
−𝐸𝑎

𝑘𝐵𝑇⁄ ) Equation 2.1 

where Ea is the activation energy and 𝑎2𝑣 is the pre-exponential factor, which is often 

referred to as simply D0, where a is the lattice constant and v is a characteristic atomic vibrational 

frequency. The exponential term defines the fraction of times in which the diffusing atom will 

have sufficient energy to pass over the potential energy barrier, Ea. Therefore 𝑣 exp (
−𝐸𝑎

𝑘𝐵𝑇⁄ ) 

describes the rate of successful diffusion attempts and is also known as the jump frequency. The 

activation energy can be calculated as the difference in energy between the transition state, 𝐸𝐻+𝑊
𝑇𝑆 , 

and the initial state, 𝐸𝐻+𝑊
0 , of the diffusing pathway. We computed this value using DFT 

calculations: 

𝐸𝑎 = 𝐸𝐻+𝑊
𝑇𝑆 − 𝐸𝐻+𝑊

0  Equation 2.2 

The pre-exponential factor, 



22 

 

𝐷0 = 𝑣𝑎2 Equation 2.3 

depends on the entropy of the system. Due to the high computational expense of phonon 

calculations necessary to determine the vibrational entropy contribution to the diffusion constant, 

D0 was not calculated in this work. It is common to report only activation energies when comparing 

atomic diffusion, including diffusion through EBC materials [47]. 

 Atomic charge states were calculated based on the quantum theory of atoms in 

molecules [101]. Atomic boundaries are defined where the electronic charge density is at a 

minimum orthogonal to the electron isodensity surface. This allows for a volume to be defined 

over which to integrate the charge density to calculate a total electronic charge. The difference 

between the calculated electronic charge and that surrounding the neutral atom of the same element 

is used to define an atom’s charge state in this work.  

Results and discussion 

2.5.1   ALD growth 

This work demonstrates the first deposition of WN on particles using a fluidized bed with 

(tBuN)2(Me2N)2W and ammonia as ALD precursors. Earlier works by Becker et al. were 

performed on flats and colloidal crystal substrates and showed the conformal, self-limiting nature 

of ALD on these surfaces [53, 102]. Here we report similar results, but for nanoparticles using a 

fluidized bed apparatus such as that used by Hakim et al. [66, 103]. Zirconia and YSZ substrates 

were used as surrogates for uranium dioxide because of similarities in active surface groups for 

ALD and in the case of YSZ, similar thermal expansions in the temperature range tested using 

DTA [104-106]. Zirconia nanopowder was used for ALD chemistry characterization in order to 

take advantage of its high surface area and ease of imaging with an electron microscope after 

deposition given the thinness of the samples. Pure zirconia is also dissolved much more easily than 
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YSZ, which facilitates digestion for ICP analysis. In addition, reactive surface groups on zirconia 

are similar to those on YSZ and UO2 making the nucleation phase of ALD – the cycles before a 

full monolayer has coated the surface – a good representation for oxide substrates.  

Particle ALD chemistry was monitored using a MS to detect molecules in the reactor outlet, 

indicating when the deposition reaction is complete and the surface is saturated with precursor. 

Those species with the greatest partial pressures in the exhaust were chosen to be tracked during 

ALD. The full metal precursor is too large for detection in the MS and fractures in the ionizer. 

Therefore, smaller molecular weights of 45 and 71 were tracked which correspond to 

dimethylamino and tert-butylamino, respectively. Known gases and contaminants including water 

and oxygen were monitored as well to ensure that undesirable side reactions were minimized. A 

MS trace of a full WN ALD cycle is shown in Figure 2.2. This MS trace covers a single 

representative cycle of precursor dosing: 1) (tBuN)2(Me2N)2W dose, 2) nitrogen gas purge, 3) 

ammonia dose, and 4) a final nitrogen gas purge. From this trace, it is evident that dimethylamino 

and tert-butylamino were fragments of the precursor during the metal dose as well as byproducts 

of the ammonia reaction during the ammonia dose. Partial pressures of precursor fragments 

increase with time in the MS trace; however, reaction byproducts start at their highest pressure in 

the MS when dosing begins and decrease with dosing time. Because ALD is self-limiting, 

breakthrough can be used as an indicator of a complete dosing and occurs when the surface groups 

on the substrate have been consumed and the precursor appears in the MS unreacted. Breakthrough 

is observed for the metal dose as soon as dimethylamino appears in the outlet and its signal 

increases above the noise. The signal increases further and then plateaus at a pressure proportional 

to the dosing pressure. Because the ammonia dosing pressure is large due to the high vapor 

pressure of the reactant, the difference in ammonia signal during surface reaction and after it has 
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completed is not significant enough to be used as an indicator of completed reactions. Instead, the 

reaction byproduct, dimethylamino, is tracked and breakthrough is indicated when the 

dimethylamino signal starts to decrease after peaking.  

 

Figure 2.2 MS trace of a full WN ALD cycle. Tracked molecular weights include those of 

ammonia, tert-butylamino, and dimethylamino. The metal dose is highlighted in blue and the 

ammonia dose in red. Following the evolution of these molecules in the MS allows for the 

reaction progress and breakthrough to be tracked 

Zirconia nanopowder was coated with either 10, 25, or 50 cycles of WN ALD. 

Breakthrough was seen for each cycle when the surface reaction was complete and available 

reactive surface groups on the substrate were consumed. The presence of deposited species is 

evident from the color change observed with increased cycle count shown in Figure 2.3. The 

number of cycles was chosen to span a range over which the nucleation of a nanofilm could be 

observed.  
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Figure 2.3 Zirconia powder after 0, 10, 25, and 50 cycles of WN ALD. These images show an 

increase in color intensity and decrease in particle clumping with increasing ALD cycles. 

Growth rates were extracted from the ICP-OES data shown in Figure 2.4. The observed 

WN deposition rate on 40 nm zirconia powder of 0.17 weight % per cycle corresponds to the 

furnace temperature of 300ºC and dosing times of 15 and 20 minutes for the metal precursor and 

ammonia, respectively. Due to the low deposition rate, many cycles must be performed to reach 

nanometer film thicknesses. The logarithmic correlation between increased weight percent of W 

and number of ALD cycles performed is due to the self-limiting nature of the deposition technique 

on the nanopowder. Once a monolayer has been deposited, the growth rate should be constant. 

Below 50 ALD cycles, the ALD film is in the nucleation phase during which substrate surface 

groups are consumed. A logarithmic film growth curve is characteristic of this growth mode as 

can be seen in Figure 2.4. 
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Figure 2.4 Plot of W weight percent from ICP-OES analysis (red) vs. increasing ALD cycle 

count on the left y-axis and BET specific surface area (blue) vs. increasing cycle count on the 

right y-axis. The decreasing specific surface area accompanied by increasing weight percent of 

W is characteristic of a growing film of higher density than its substrate and supports successful 

deposition of a thin film. Note that error magnitudes for ICP measurements shown here are on 

the order of 10-4 wt%. 

In addition to ICP-OES, BET surface area was measured to confirm the deposition of WN 

on the zirconia nanopowder. The decrease in specific surface area with increased cycle count is 

shown in Figure 3. This is expected because the higher density of WN relative to zirconia causes 

the mass to increase faster than the surface area and thereby decreases the specific surface area. In 

addition, because particle volume is a cubic function of diameter whereas surface area only has a 

square dependence, the volume and its associated mass will increase faster than the surface area 

as diameter increases. This also contributes to a decreasing specific surface area with increasing 

ALD cycle count. 

These films were annealed to remove nitrogen and to form crystallized W films. The 

difference in fixed nitrogen content of the sample coated with 50 ALD cycles before and after 
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annealing at either 700ºC or 725ºC is shown in Figure 2.5. The highest cycle count sample was 

chosen to be characterized with LECO light element analysis because it was expected to have the 

thickest coating and would, therefore, show the greatest contrast in nitrogen content. This data set 

exhibits nearly complete removal of nitrogen from the sample. It is also apparent that, at higher 

temperatures, more nitrogen is dissociated during the annealing step. The samples changed color 

from darkening shades of brown to levels of gray as seen in Figure 2.6. This is as predicted because 

pure W powder is dark gray. Previous studies of thin WN film annealing reported decomposition 

of the WN 1:1 phase into W2N and N2 above 550°C and stability of the W2N phase in vacuum up 

to 800°C before decomposition into W and N2 [52, 107]. The 20% H2 environment used in this 

work allowed for a much lower decomposition temperature.  

 

Figure 2.5 Fixed nitrogen content of samples before and after annealing in forming gas. Samples 

shown (left to right) include uncoated zirconia before annealing and 50 WN cycles coated 

zirconia before annealing and after annealing at 700ºC and 725ºC. 
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Figure 2.6 WN ALD coated zirconia powder after annealing in 20% H2 in N2 balance 

atmosphere at either 700ºC and 725ºC. The color change from brown to dark gray associated 

with the nitride decomposition can easily be seen. 

Fixed nitrogen content for the as made 50 cycle sample also indicated that the film was not 

purely a 1:1 stoichiometry of WN. Based on the ICP-OES data for 50 cycles, the theoretical 

nitrogen content of a 1:1 W:N film is 0.47 wt%, which is 0.1% higher than observed with LECO. 

Although the film deposited by Becker et al. on flats was determined to have a WN1.1±0.1 

composition, we observed that our film must contain a mix of W oxidation states that may include 

WN, W2N and/or tungsten oxide. This is a common observation in other WN deposition 

techniques, including reactive magnetron sputtering, which is observed to deposit mainly W2N 

[108]. 
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TEM micrographs were used to determine the film thicknesses of the coated samples. The 

zirconia nanopowder as received and after deposition of 25 and 50 ALD cycles of WN before 

annealing is shown in Figure 2.7. Islands of WN are seen on the surface of zirconia after 25 cycles. 

In the 50 cycle sample, island growth has continued and is observed to reach 1 nm in thickness. 

EDS was used on the 50 ALD sample to confirm that these islands, visible as dark spots in the 

TEM micrographs, were in fact due to tungsten deposition. It is necessary when depositing EBCs 

to determine that the film has surpassed a full monolayer in order to ensure that none of the 

substrate is exposed to the damaging atmosphere. Therefore, when using the chemistry on a new 

substrate to test film efficacy in limiting interactions between H2 and substrate materials, greater 

than 50 WN ALD cycles must be performed.  

 

Figure 2.7 TEM micrographs of zirconia nanopowder as received (A) and coated with either 25 

(B) or 50 (C) cycles of WN using ALD. Island growth can be seen in 25 and 50 ALD cycles. The 

presence of tungsten was confirmed using EDS on the 50 WN ALD sample.  

2.5.2   WN ALD films as hydrogen EBCs 

EBCs with high energy barriers (i.e., low diffusivities of H2) can be used to protect 

substrates that are susceptible to H2 embrittlement. WN was deposited on YSZ powder via ALD 

and tested under hot H2 flow to examine the inhibition of H2 reaction with the substrate. Below its 

decomposition temperature, WN will serve as the protective barrier. After decomposition, a pure 

W coating will remain to protect the substrate. It is expected that the nitrogen will assist in 
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preventing hydrogen diffusion through increased steric hindrance. YSZ was chosen for testing the 

WN/W film as an EBC as opposed to pure zirconia, which was used for characterizing the 

chemistry, to avoid the monoclinic to tetragonal phase transition of pure zirconia at 1170ºC during 

testing. 5% YSZ is partially stabilized and therefore serves as a better surrogate for UO2 during 

thermal testing. YSZ has the same active hydroxyl surface groups for ALD as UO2 as well as 

similar thermal expansion coefficients over the temperature range of interest.[104-106] This is 

necessary because phase changes and their associated density and volume changes have the 

potential to crack thin films.  

Two coated samples were made using 65 and 100 cycles of WN ALD to elucidate the effect 

of thickness on substrate protection. From the deposition rate extracted from zirconia nanopowder 

studies, these cycle counts correlate to approximately 1.3 and 2 nm, respectively. We hypothesized 

that because W has a high energy barrier for atomic H diffusion, an ~1 nm thick coating would be 

sufficient. However, the energy barrier for H diffusion in W becomes less significant as 

temperature increases Equation 2.1. Therefore, the magnitude of film thickness required to prevent 

H diffusion up to 1610ºC was probed. XPS was used to characterize the 100 ALD cycle film on 

the YSZ microspheres and to compare it to the thickest zirconia nanopowder sample with 50 ALD 

cycles. The XPS spectra confirm the presence of tungsten and nitrogen on both substrates and are 

shown in Figure 2.8. The spectra shapes are very similar, although higher intensities for tungsten 

and nitrogen are observed for the thicker WN coating on YSZ than is seen on zirconia. Conversely, 

lower intensities are seen for the zirconium peaks in the YSZ sample. This is due to the additional 

ALD cycles performed on the YSZ microspheres to give a coating twice as thick and with higher 

surface coverage than that on the zirconia nanopowder. In fact, this thicker coating has clearly 

suppressed the zirconia signals. Adventitious oxygen and carbon are present on the surface of these 
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samples due to exposure to atmosphere. Yttrium is not seen in the YSZ spectrum due to film 

coverage. 

  

Figure 2.8 XPS spectra of the thickest coatings on the two substrates tested in this work. Samples 

included 50 WN ALD cycles on zirconia nanopowder and 100 WN ALD cycles on YSZ 

microspheres. Values next to peak labels correspond to the energy value from the database 

detailed in methods. Although the spectra are similar in shape, the peak heights vary according to 

film thickness and surface coverage. As predicted, the thicker ALD film on the microspheres 

show larger W and N peaks, but smaller zirconium peaks than the thinner 50 cycle film. 

Microscopy was used to determine whether the deposited film had fully coated the YSZ 

microspheres. The SEM micrographs of the coating are shown in Figure 2.9. The increase in 

brightness of the particles from uncoated to coated conveys a change in interaction of the particles 

with the electron beam. This is attributed to the higher atomic number of the tungsten-based film 

on the coated surface. In addition, the surface charging seen as striations in the micrograph of the 

uncoated sample is not present in the coated sample. This conveys the transition from an 

electrically insulating surface to a conducting film. In addition to SEM, the 100-cycle sample was 

FIB-milled and imaged using TEM+EDS (Figure 2.10). EDS confirmed the presence of W in the 

coating and ICP-MS was used to determine a weight loading of 0.02 wt% W. TEM+EDS could 
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not, however, be used to measure the film thickness because the thin film was likely perturbed 

during the milling process.  

 

Figure 2.9 SEM micrographs of uncoated, 65 cycles, and 100 cycles of WN on 100 micrometer 

diameter YSZ powder. The increase in brightness of the particles from uncoated to coated 

indicates deposition of the WN film. 

 

Figure 2.10 W EDS map (A) and dark field micrograph (B) of 100 WN ALD cycles on YSZ 

micropowder. Imaged cross-section was prepared using FIB-milling. 

The three YSZ samples: uncoated, 65, and 100 cycles were tested using DTA. The overlaid 

DTA curves with exothermic peaks oriented downward are shown in Figure 2.11. These curves 

were produced using a 20 sccm flow of 6% H2 in Ar environment. The 100 cycle WN sample was 

also characterized in pure Ar in order to isolate those curves that are dependent on the presence of 

H2. Three noteworthy observations can be made. First, the exothermic peaks highlighted in pink 
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and blue appear only when testing the coated sample, indicating that the peaks are due to the ALD 

coating. The pink highlighted peaks indicate partial WN decomposition to form crystallized W2N 

from WN. The curve minimums on these peaks correspond to temperatures between 550ºC and 

580ºC which indicates that, to crystallize WN without removing nitrogen, annealing must occur 

below 500ºC. These results agree well with the temperatures reported by Samsonow et al. for W2N 

formation from higher nitrogen stoichiometries above 550ºC [107]. In addition, this decomposition 

temperature supports the results observed from annealing the coated zirconia powder in forming 

gas where decomposition was observed below 700ºC. The peak highlighted in blue corresponds to 

a final nitride decomposition to form cubic W, likely from W2N. This claim is based on the 

observation of Becker et al. of formation of crystalline W above 725°C from a thick WN ALD 

film [53]. These decomposition peaks convey that although a WN film was deposited, as 

temperature increases the film is converted from a nitride to a metallic coating. Therefore, above 

~900°C, pure tungsten serves as the EBC.  

The peak highlighted in green only appears when H2 is present. The exothermic 

characteristic of this peak indicates the presence of a reaction between the substrate and H2. The 

reaction temperature is higher for samples with larger numbers of ALD cycles. The correlation 

between the increase in temperature and the thickness of the W/WN film suggests that the film 

delayed the H2 reaction with the substrate. This is a result of the lower diffusivity of H in W and 

WN relative to its diffusivity in the YSZ substrate. The W/WN film reduces the fraction of H 

atoms that reach the substrate to react. The existence of the H2 reaction peak, even in the thicker 

film, indicates that H diffusivity is greater in the temperature range tested than is accounted for in 

these film thicknesses. Thicker ALD films will be required to increase the temperature at which 
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reaction between H and the substrate occurs beyond the maximum temperature of 1610ºC probed 

in this study.  

 

Figure 2.11 Differential thermal analysis curves for YSZ 100-micron sized powder coated with 

either 0, 65, or 100 ALD cycles of WN. The testing environment either contained 6% H2 in Ar 

or pure Ar as noted in the legend. Exothermic peaks are shown here in the downward direction. 

The pink and blue highlighted negative peaks are caused by decomposition of the film into W2N 

and W, respectively. The green highlighted negative peaks are due to reaction of the substrate 

with H2 and their labeled temperatures indicate the temperature at which the peaks are at their 

minimum µV. 

2.5.3   Computational hydrogen diffusion analysis 

The film’s intended use as an EBC was motivated by the observed low atomic H diffusivity 

in W compared to other refractory metals. In addition to thermal analysis of the ALD films, H 

diffusion into perfect crystal (i.e. no defects) surfaces and through bulk W was investigated using 

DFT. Atomic H was analyzed because geometry optimizations of adsorbed H2 molecules relaxed 

to a state of two adsorbed H atoms, predicting the spontaneous dissociation of H2 upon adsorption. 

In addition, geometry optimizations of absorbed H2 within bulk W led to its dissociation into 

hydrogen species that form hydrides with the surrounding W lattice atoms. The (110) W surface 

was determined to be the most energetically favorable and therefore most probable surface of the 

ALD film after an anneal in forming gas. Of the unique adsorption sites on this surface, including 
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the bridge, hollow, and atop sites, the hollow site was predicted to be the most energetically 

favorable. Adsorption at this site causes only a slight movement of the nearest neighbor W atoms 

of less than 0.02 Å. 

To analyze H diffusion into the W film, the lowest energy position of H in the W subsurface 

was determined by relaxing subsurface H configurations. From the hollow adatom site, an energy 

barrier of 2.0 eV was calculated for diffusion into the first subsurface layer. The diffusion pathway 

is shown in Figure 2.12. In comparison to other pure transition metals, this is a relatively large 

energy barrier [47]. The H charge state was calculated at the adsorbed state, transition state, and 

subsurface sites on the diffusion pathway and computed to be -0.42 e, -0.44 e, and -0.47 e, 

respectively. This negative charge state indicates that the interstitial H species gained electrons 

and formed hydrides with the W atoms and that the charge on the diffusing H atom is nearly 

constant as it diffuses into the subsurface. 

 

Figure 2.12 Stages of hydrogen surface absorption showing adatom site, transition state, and 

final subsurface site as well as the charge associated with the diffusing hydrogen. 

Atomic H diffusion in bulk W was also investigated. Tetrahedral interstitial positions were 

found to be more favorable than octahedral positions by 0.35 eV which is slightly higher in energy 

than that predicted by Heinola et al. and Kong et al..[41, 109] In addition, hopping from one 

tetrahedral site to another provides the lowest diffusion energy barrier of 0.19 eV. H charge states 

were also calculated for bulk diffusion and found to be -0.48 e for tetrahedral sites, -0.24 e for 
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octahedral sites and -0.49 e for the transition state between two tetrahedral sites. The smaller 

charge state of H when it resides in octahedral interstitial sites compared to tetrahedral interstitial 

sites indicates that less electron density is transferred to the H atom from the surrounding W atoms. 

This decrease in charge localized on interstitial H may contribute to the lower stability of H in 

octahedral versus tetrahedral interstitial sites. 

Future work will analyze the computed energy barriers of refractory materials with varying 

charge states of the diffusing H interstitial to elucidate a connection between these properties. The 

results for W reported here suggest that EBC materials that do not allow for the transfer of 

significant electron density from the metal lattice atoms to the diffusing H atom, as predicted for 

W, may result in a higher diffusion energy barrier. It is evident from our DFT calculations and 

DTA studies that a more effective EBC material than W is required for success of a thin film 

barrier at temperatures above 1000oC because even at moderate temperatures the thin W film still 

allowed for some H to diffuse through and react with the YSZ substrate. Computational analysis 

can help to predict a better barrier material by screening refractory materials for energy barriers 

larger than that of W (2.0 eV for absorption and 0.19 eV for bulk diffusion). 

 Conclusions 

This work probed WN ALD films on particles deposited using (tBuN)2(Me2N)2W and 

ammonia as precursors, and the efficacy of the deposited films as hydrogen EBCs. WN was 

successfully deposited on zirconia nanopowders using a fluidized bed reactor. 10, 25, and 50 ALD 

cycles were performed to deposit films of three different thicknesses. The growth rate of this 

chemistry on nanoparticles was determined to be 0.2 Å/cycle based on TEM images. The transition 

from islands to a full monolayer occurs above 50 WN ALD cycles. After deposition, annealing 

conditions were probed to decompose the nitride and form a crystallized W coating. 
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The efficacy of the nanofilm as a hydrogen EBC was characterized using DTA. The peak 

reaction temperature between H2 and the substrate increased with increasing film thickness. DTA 

also identified the WN decomposition temperature which peaked at 576oC in an inert atmosphere. 

Nonetheless, reaction of H2 with the substrate still occurred with the thickest film, indicating that 

additional ALD cycles are required to significantly reduce the interaction of H2 with the substrate, 

or, a more effective barrier material should be selected. 

DFT calculations were used to analyze atomic H diffusion into a W surface representative 

of that deposited by ALD. An energy barrier for diffusion into the first subsurface layer was found 

to be 2.0 eV, which is larger than for most transition metals. In addition, the charge state associated 

with the diffusing H was calculated to be negative and, therefore, indicates that hydrides are 

formed between the W atoms and the H atom. The magnitude of this charge state is smaller for H 

residing in octahedral interstitial sites than in tetrahedral sites, which could contribute to the 

lowered stability of H in octahedral sites. The calculated diffusion energy barrier in W should serve 

as an indicator of a lower bound for screening candidate barrier materials computationally.  
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Ab initio Screening of Refractory Nitrides for High Temperature Hydrogen Permeation 

Barriers 

Most of the content in this chapter appears verbatim in the following manuscript: 

Sarah K. Bull, Theodore Champ, Sai Raj, Alan W. Weimer*, and Charles B. Musgrave*. Ab initio 

Screening of Refractory Nitrides for High Temperature Hydrogen Permeation Barriers. (2021) [In 

preparation] 

Abstract 

Density functional theory was used to screen 11 refractory materials including 2 pure 

metals, 6 nitrides, and 3 carbides as high temperature hydrogen permeation barriers to prevent 

hydrogen embrittlement. Activation energies were calculated for atomic hydrogen (H) diffusion 

into the first subsurface layer from the lowest energy surface of the high-temperature phase of each 

candidate material. The candidate barrier materials with the highest activation energies are h-BN, 

c-BN, HfN, and ZrN with predicted barriers of 3.3 eV, 3.2 eV, 3.2 eV, and 2.7 eV, respectively. 

Strain energies, Bader charges and density of states were calculated for the diffusing H at the 

relaxed initial and transition states to provide insight into contributing factors to high energy 

barriers. The diffusing H atom in materials with the highest predicted barriers are protic. In 

addition, interstitial H atoms induce mid-gap states in the density of states of both BN polymorphs. 

The nitrogen retention of each nitride material at high temperatures was predicted using nitrogen 

vacancy formation energies with respect to gaseous nitrogen and ammonia formation. Nitrogen 

retention was evaluated experimentally for h-BN, ZrN, and TiN and confirmed their resistance to 

N at 1773 K. However, at 2550 K, TiN is predicted to lose its fixed N content due to formation of 

gaseous nitrogen. This work identifies multiple promising materials that are predicted to be 
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effective hydrogen barriers at high temperatures and are stable at temperatures above 2700 K with 

BN predicted to perform best.  

Introduction 

From the hydrogen economy [1, 2] to nuclear reactors [4] and ammonia synthesis, 

hydrogen is an essential component of the energy industry. It has also been proposed as the 

propellant of nuclear thermal propulsion (NTP) engines for interplanetary travel [5]. However, its 

appealing properties as a fuel and propellant are moderated by the phenomena of hydrogen-

induced damage. The low molecular weight of hydrogen, which makes it such an attractive element 

for storing energy and for use as a high specific impulse propellant in a NTP engine, also allows 

it to easily diffuse through most materials – to either embrittle or react with them [35]. Molecular 

hydrogen (H2) often dissociates exothermically on metallic surfaces [110], producing atomic H 

that then diffuses into the bulk material and often causes H embrittlement. In metals, H 

embrittlement leads to higher ductile to brittle transition temperatures [7, 111], the formation of 

metal hydrides [111], gaseous hydrogen bubbles [22, 23], and lower adhesive strength at grain 

boundaries through surface stabilization [7, 24, 111]. Similar phenomena appear in ceramic 

materials as well including the uranium-based nuclear fuel elements in NTP engines [10, 21]. 

Environmental barrier coatings (EBCs)1, sometimes referred to as permeation barriers, can 

combat hydrogen embrittlement from extrinsic H sources. Previously studied barrier materials 

include pure metals, graphite, carbides, nitrides, and oxides. The most common hydrogen 

permeation barrier is alumina because it has a low H diffusivity and can be grown directly on the 

substrate via aluminizing and oxidation [12, 31, 35, 36]. Other materials listed have been deposited 

                                                 
1 It is important to note that “EBC” as used in this paper specifically refers to coatings that 

act as hydrogen permeation barriers to avoid confusion from its traditional use in the ceramics 

literature as moisture-resistant protective coatings for SiC-based ceramic matrix composites. 
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via atomic layer deposition (ALD) [37], chemical vapor deposition (CVD) [31, 38], magnetically 

enhanced plasma ion plating [39], and packed-bed cementing [31]. The choice of an EBC 

composition resistant to hydrogen permeation is governed by low hydrogen permeability 

materials, its chemical compatibility with the substrate, and the closeness of its coefficient of 

thermal expansion with that of the substrate. Specifically, for a NTP engine application, it is 

essential that the EBC possess a low neutron scattering cross section. The choice of the coating 

deposition method is influenced by the coating composition and coating thickness as well as the 

geometry and composition of the substrate. These factors are likely to influence the EBC 

microstructure and resulting H permeability [59, 60, 112]. 

At temperatures below 1640 K [113], alumina is the most common choice of EBC due to 

its relative ease of formation and efficacy as an EBC [35, 114]. However, at the ultrahigh 

temperatures >2700 K corresponding to the operating temperature of NTP engines, the number of 

viable EBC materials available is reduced to those that are thermally stable and that have 

sufficiently high diffusion barriers to still impede H permeation at these temperatures. The greater 

thermal energy available at high temperatures requires that the activation energies for H diffusion 

be large for a successful EBC. For instance, while a diffusion barrier of just over 1 eV would be 

sufficient at room temperature, a barrier of ~9 eV would be required at 2,700 K to effectively 

reduce H diffusion. At 2700 K, tungsten (W) is the preferred metal due to its high melting point, 

strength, thermal conductivity and low H diffusivity compared to other pure metals [44, 47, 115, 

116] although it is noted that most of its isotopes have a large neutron scattering cross-section 

[117]. The H diffusion in and potential embrittlement of pure metals, including W [24, 42, 109, 

118-120] and molybdenum (Mo) [45, 120-122], have been extensively characterized 
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computationally and experimentally. However, fewer studies have examined H diffusion in high 

melting point nitrides and carbides [31, 59, 60, 90, 123, 124].  

In this work, we use density functional theory (DFT) to analyze atomic hydrogen diffusion 

in refractory nitrides and carbides with melting points greater than 2700 K and compare their 

computed activation energies to those of Mo and W. Additionally, we analyzed contributions to 

the diffusion barrier, Ea, from steric hindrance and the redistribution of electron density during the 

H hopping event. Retention of fixed nitrogen content of the nitrides was predicted through 

calculation of nitrogen vacancy formation energies referenced against the formation of gaseous 

nitrogen (N2) and ammonia (NH3). This was compared to the experimentally determined N 

retention for commercially available powders. Our results from ab initio calculations and nitrogen 

retention experiments suggest that BN, HfN, and ZrN are likely to outperform the pure metals (W, 

Mo) currently used as NTP EBC’s with respect to H diffusivity.   

Materials and methods 

3.3.1   Computational methods 

All DFT calculations including slab and bulk model systems were performed using the 

Vienna ab initio Simulation Package (VASP) [68-72] with the strongly constrained and 

appropriately normed semi-local density functional (SCAN) [125], projector augmented-wave 

(PAW) pseudopotentials [70, 126] and a 520 eV energy cutoff. Surface calculations of the low 

Miller index surfaces were performed using a slab model of the surface and a 5×5×1 k-point 

expansion. The plane wave cutoff energy (Figure 3.1) and k-point expansion (Figure 3.2) were 

chosen to satisfy convergence requirements following a test of the convergence of the smallest 

slab used in this work, c-BN.  
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Figure 3.1 Total system energy versus plane wave energy cutoff for c-BN slab indicating 

minimum required 500 eV cutoff for cell size  

 

Figure 3.2 Total system energy versus k-point expansion in x and y directions for c-BN slab 

indicating a minimum of 4 k-points required  

The initial crystal structures were taken as the lowest energy configuration for the specified 

stoichiometry from The Materials Project data base [127]. The lowest energy surface, and therefore 

most probable surface of each material, was determined by comparing the computed surface 

energies of the low Miller index surfaces and used in the slab model to simulate H diffusion. 

Supercells were created to serve as slab models of the surface with lattice parameters chosen to 

limit lateral interactions between diffusing H atoms with their periodic images. H adatoms were 

separated from their lateral periodic images by over 7 Å, and ~12 Å of vacuum space was used to 
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prevent interactions of adsorbed H on the slab surface with the bottom of the periodic image of the 

slab. This slab geometry was used in all subsequent H diffusion analyses. Atomic H adsorption 

energies were calculated for all unique adsorption sites on each material’s lowest energy surface. 

Then, H diffusion barriers starting from only the most probable site on the lowest energy structure 

were computed and analyzed.  

Constrained geometry optimizations were performed to reduce the computational expense 

of calculating structures where only the top three atomic layers of the slab were allowed to relax 

while all other layers were frozen at their bulk lattice positions. Transition states for H atom 

hopping were determined using the nudged elastic band (NEB) method [100, 128, 129] followed 

by the dimer method [97, 99, 130, 131] starting from the structure of the highest energy NEB 

image. These methods search the potential energy surface to determine the minimum energy 

pathway between two points (i.e. initial and final states of H hop) and converge the highest energy 

position to the saddle point (i.e. transition state) along this pathway. Bader charge analysis [98, 

101, 132-134] was performed to determine the charge state of the diffusing H species.  

The density of states (DOS) of the initial and transition states along the H diffusion pathway 

were computed using a 10×10×1 k-point mesh, except for ZrN, whose DOS was computed using 

a 5×5×1 mesh to avoid convergence issues. The computational cost of an increased k-point mesh 

for ZrN with semicore states included in the Zr pseudopotential exceeded the available resources. 

Strain energies were calculated as the difference in energy between the lattice atoms frozen at the 

initial and transition states of a single H hop and the relaxed slab using a 5×5×1 k-point mesh.  

Nitrogen vacancy formation energies were calculated using a bulk model. Bulk 

calculations were performed using supercells (Table 3.1) to prevent interactions between H with 

its periodic images and used a 6×6×6 k-point expansion. This k-point expansion was chosen 
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following a convergence test (Figure 3.3) of a 48-atom TaN cell which represented the minimum 

expansion because all utilized supercells were larger (Table 3.1). The nitrogen (N2) and ammonia 

(NH3) reference states were calculated as an isolated diatomic N2 molecule or single NH3 molecule, 

respectively, modeled in an otherwise empty 10 Å × 10 Å × 10 Å cell. Chemical potentials were 

calculated at 1773 K and 2773 K using the gaseous N2 and NH3 reference states. 

 

Figure 3.3 K-point convergence test (energy vs expansion) of a 48-atom TaN cell showing 

minimum of 5 k-points required in each direction 

Material Atoms a (Å) b (Å) c (Å) 

c-BN 54 7.7 7.7 7.7 

h-BN 72 7.5 7.5 15.4 

ZrN 64 9.0 9.0 9.0 

TaN 72 10.4 10.4 8.7 

TiN 64 8.5 8.5 8.5 

HfN 64 9.2 9.2 9.2 

Table 3.1 Supercell size for bulk material calculations 

3.3.2   Experimental methods 

Bulk powder samples of h-BN (HCV grade; 95% -325 mesh, Advanced Ceramics 

Corporation), TiN (99.7%, metals basis; <10 µm, Sigma Aldrich), and ZrN (99.5%, metals basis 

excluding Hf; -325 mesh powder, Alfa Aesar) were tested under hot H2 flow for nitrogen retention. 

Samples were heated to 1773 K from room temperature at 10 K/min and held at the maximum 

temperature for 3 hours, after which they were allowed to return to room temperature at a 
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maximum cooling rate of 10 K/min. Temperature ramps were performed in a 40 cm3/min flow of 

Ar. At the 1773 K hold, H2 was introduced and maintained at a flow rate of 10 cm3/min in addition 

to the 40 cm3/min of Ar. 

Theory/calculation 

3.4.1   Computational diffusion analysis 

The dependence of diffusivity on temperature is described by:  

𝐷 = 𝐷0𝑒𝑥𝑝 (
−𝐸𝑎

𝑘𝐵𝑇
) Equation 3.1 

where D0 is the pre-exponential factor, Ea is the activation energy for an atomic hop, kB is the 

Boltzmann constant, and T is the absolute diffusion temperature. The pre-exponential factor D0 is 

a product of the lattice constant a, the attempt frequency v, and a constant that corresponds with 

the number of available hop destination sites [135]: 

𝐷0 = 𝛼𝑎2𝑣. Equation 3.2 

The exponential term in Equation 3.1 describes the probability of overcoming the 

activation energy barrier, Ea. We used DFT in this work to calculate Ea as the energy difference 

between the transition state, 𝐸𝐻
𝑇𝑆, and the initial state, 𝐸𝐻

0 , along the minimum energy pathway for 

an atomic hop:  

𝐸𝑎 = 𝐸𝐻
𝑇𝑆 − 𝐸𝐻

0 . Equation 3.3 

The pre-exponential factor, D0, was not calculated due to its high computational expense 

coupled with the large number of materials screened. Instead, only Ea’s were compared to evaluate 

the material efficacy as an EBC. An examination of Equation 3.1 and Equation 3.2 suggests that 

the diffusion constant, D, is more sensitive to differences in Ea than differences in D0 due to the 

exponential factor. A general need exists for  D, D0, and Ea included in the diffusivity equation 

(Equation 3.1) for refractory carbides and nitrides. However, of the materials evaluated in this 
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work, D0 for H and deuterium diffusion has been reported for W and h-BN and are of similar 

magnitude of 10-7 to 10-8 [43, 60, 109, 136-138]. Experimentally determined values of D0 for H 

diffusion in Mo have been reported between 10-4 and 10-8, although it has been calculated by DFT 

to be on the order of 10-8 [139]. Reports of the computed values of D0 for H diffusion in bulk ZrC 

and bulk NbC are on the order of 10-4 [140] and 10-6 [141], respectively. Despite the factor of ~100 

difference for D0 of carbide materials, a moderate difference in Ea of 1.1 eV can overcome this 

difference in D0 at 2700 K. Because of the sensitivity of D to Ea due to the exponential, in addition 

to the computational cost of computing phonon frequencies to calculate D0, it is common to report 

only Ea when comparing permeabilities of similar materials [47, 142, 143]. The similarities in 

composition and crystallinity of evaluated materials further supports analyzing and comparing Ea 

in this work. 

Atomic charge states were calculated for the diffusing H atom as the difference between 

the electron charge associated with the atom as calculated using Bader charge analysis and the 

charge of the nucleus of that atom.  

3.4.2   Strain energy of diffusion  

As an interstitial H diffuses through a material, it forces atoms off their relaxed lattice 

positions as it passes through the transition state. The increase in the energy of the system due to 

this strain is referred to here as strain energy (Eε) and its contribution to the energy barrier for H 

diffusion was computed as follows: 

𝐸𝜀 = 𝐸𝑆𝑙𝑎𝑏−𝐻 − 𝐸0 Equation 3.4 

Where ESlab-H is the energy of the slab fixed at the initial, transition, or final state positions with 

the diffusing H atom removed and E0 is the energy of the relaxed surface before exposure to H. 
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3.4.3   High temperature stability of screened refractory nitrides  

In order to take advantage of the high melting points and Ea’s of nitrides over pure metals 

and metalloids, the retention of fixed N at elevated temperatures is required. These nitrides are 

reduced by evolving N at temperatures below their melting points through nitrogen vacancy 

formation accompanied by the loss of gaseous nitrogen (N2) or gaseous ammonia (NH3) in a H-

environment. The N vacancy formation energy relative to N2 (𝐸𝑣𝑓,𝑁2
) of a single N vacancy in the 

supercell was calculated: 

𝐸𝑣𝑓,𝑁2
= 𝐸𝑣,𝑏𝑢𝑙𝑘 − 𝐸𝑏𝑢𝑙𝑘 +

1

2
𝐸𝑁2

 Equation 3.5 

where 𝐸𝑣,𝑏𝑢𝑙𝑘 is the energy of the system with a N vacancy, and 𝐸𝑏𝑢𝑙𝑘 the energy of the defect-

free system, and 𝐸𝑁2
 the energy of N2 in vacuum adjusted for changes in chemical potential (µ) at 

finite temperatures. Similarly, the N vacancy formation energy relative to forming NH3, 𝐸𝑣𝑓,𝑁𝐻3
, 

was calculated: 

𝐸𝑣𝑓,𝑁𝐻3
= 𝐸𝑣,𝑏𝑢𝑙𝑘 − 𝐸𝑏𝑢𝑙𝑘 + 𝐸𝑁𝐻3

−
3

2
𝐸𝐻2

 Equation 3.6 

where again 𝐸𝑣,𝑏𝑢𝑙𝑘 is the energy of the system with a N vacancy and 𝐸𝑏𝑢𝑙𝑘 the energy of the 

defect-free system. The terms 𝐸𝑁𝐻3
and 𝐸𝐻2

are the energies of NH3 and H2, respectively, in vacuum 

adjusted for changes in chemical potential, µ, at finite temperatures.  

The chemical potential at temperature T is calculated as [144]:  

∆𝜇(𝑇, 𝑃0) = [𝐻0 + 𝐶𝑝(𝑇 − 𝑇0)] − 𝑇 [𝑆0 + 𝐶𝑝 ln (𝑇
𝑇0

⁄ )] Equation 3.7 

Where P0, T0, H0, and S0, are the reference pressure, temperature, enthalpy, and entropy, 

respectively, and Cp the heat capacity. Tabulated values were used for the standard diatomic N2 

gas reference, NH3 gas reference and H2 gas reference [145]. A larger vacancy formation energy 

suggests a more thermodynamically stable material relative to N2 or NH3 formation.  
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Results and discussion 

3.5.1   Screened materials 

The need for H permeation barriers at temperatures above 2700 K motivated the screening 

of refractory nitrides and carbides to evaluate their viability relative to the most common pure 

metals for these applications, W and Mo. The screened materials were selected because their 

melting points exceed 2700 K, the operating temperature of a NTP engine. The materials screened 

are Mo, W, c-BN, h-BN, HfN, TaN, TiN, ZrN, NbC, WC, and ZrC. In order to predict the 

performance of candidate materials as H diffusion barriers that effectively limit H ingress, Ea for 

atomic H diffusion into the lowest energy surface from the most favorable absorption site on that 

surface was calculated and compared to the computed values of Ea for legacy materials W and Mo. 

Initial bulk structures were chosen as the lowest energy structure of the specified stoichiometry 

using tabulated formation enthalpies in The Materials Project [127]. The computational details, 

slab dimensions, space group, lowest DFT-calculated energy surface plane, and most favorable 

adsorption site are shown for each screened material in Table 3.2. The favorability of the three-

fold coordinated site (hollow site) on the pure metals matches previous DFT findings [47] as well 

as the top of B site for h-BN [146] top of N site for c-BN [147] top of transition metal site for cubic 

metal nitrides [148, 149], and top of C site for cubic metal carbides [150]. However, previous 

studies for H adsorption on the hexagonal TaN (110) and WC (100) surfaces are not available for 

comparison. 

Material 
Atoms/ 

unit cell 
a b c Space Group 

Lowest 

Energy 

Surface 

Most 

Favorable 

Adsorption 

Site 

Mo 45 8.2 8.2 24.5 Im3m – BCC (110) Hollow 

W 45 8.2 8.2 24.5 Im3m – BCC (110) Hollow 
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c-BN 96 7.7 7.2 23.0 F43m – FCC (110) N 

h-BN 72 7.5 7.5 26.8 P63/mmc – Hex. (001) B 

HfN 108 9.5 9.5 27.0 Fm3m – FCC (100) Hf 

TaN 72 8.7 9.0 23.8 P62m – Hex. (110) Hollow 

TiN 108 9.0 9.0 25.4 Fm3m – FCC (100) Ti 

ZrN 108 9.7 9.7 27.5 Fm3m – FCC (100) Zr 

NbC 108 9.4 9.4 26.6 Fm3m – FCC (100) C 

WC 96 11.6 8.5 22.6 P6m2 – Hex. (100) Bridge 

ZrC 108 10.0 10.0 28.2 Fm3m – FCC (100) C 

Table 3.2 Screened materials and computational details including atoms in a unit cell for the 

surface slab, slab dimensions (Å), material space groups, most favorable (lowest energy) surface 

and adsorption site 

3.5.2   Diffusion barrier energies of screened materials 

Higher values of Ea indicate lower probabilities of overcoming the diffusion barrier energy 

for atomic hopping and consequently, lower diffusivities (Equation 3.1) Therefore, materials with 

a larger Ea than W, the current state-of-the-art H barrier material for high temperature applications 

[31, 115], are predicted to perform better and are thus recommended for additional experimental 

testing. The calculated values of Ea (Figure 3.4) include computed barriers of four nitrides:  c-BN, 

h-BN, HfN and ZrN, and one carbide: WC with higher magnitudes of Ea than W. These five 

candidates are therefore suggested for experimental testing as superior H diffusion barriers than 

W. The other five materials examined: Mo, TiN, TaN, NbC, and ZrC, have computed magnitudes 

of Ea for H diffusion comparable to that of W. Two factors were probed to determine their 

contributions to the higher computed barriers of c-BN, h-BN, HfN, ZrN and WC: steric hindrance 

and redistribution of electron density during the H hopping event. Therefore, strain energies 

(Figure 3.4), H charge state (Figure 3.6), and DOS plots (Figure 3.8) were compared to provide 

insight into their correlation with Ea. 
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Figure 3.4 Ea (left, bars) and Eε (lines, right) of screened materials for atomic H diffusion into the 

lowest energy surface from the most favorable adsorption site. Values for Eε were calculated at 

the initial (orange) and transition states (green) in the H absorption pathway and are shown in 

that order across each Ea bar. 

3.5.3   Contribution of Strain Energy to the Diffusion Barrier 

The slightly higher values of Ea for H diffusion in the metal carbide and nitride materials 

than in the pure metals might partially result from steric hindrance and strain. As the H atom 

diffuses from the surface into these materials, it forces neighboring lattice atoms from their 

equilibrium positions. At its initial position adsorbed at the surface, the H atom is not surrounded 

by lattice atoms and therefore we compute much smaller strain energies for these states. These 

small values of Eε are due to the relaxation of the surface atoms to minimize the energy of the 

adsorbed state (Figure 4.1). At the transition states, the strain energy for most nitrides and carbides 

is larger than that of the pure metals. This is due to the decreased interstitial space through which 

H can migrate in these materials because of the N and C atoms occupying interstitial positions that 

are normally unoccupied in pure metals. For instance, the diffusing H must pass through a cross-
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sectional area defined by 3 lattice atoms in pure W (Figure 3.5 A and C) where this cross-section 

separates the initial and final states of the H atom hop. Thus, the strain energy correlates with the 

size of this cross-section. If the area is small, H must push nearest neighbor lattice atoms further 

from their equilibrium positions in order for the transition state to accommodate the H atom. Filling 

the interstitial spaces of metals with N or C reduces the cross-sectional area through which the H 

hops. In comparing WC to W, the cross section is now defined by 4 atoms (Figure 3.5 B) and the 

transition state for H shifts to directly between two W atoms in WC (Figure 3.5 D) from a position 

that extends into the open triangular space in W (Figure 3.5 C). The Eε at the initial and transition 

states for WC are therefore slightly higher than for W, and the Ea is also larger.  

 

Figure 3.5 Interatomic spacing for the W (110) surface (A) and WC (100) surface (B) and 

interatomic distances at the transition state for H diffusion for W (C) and WC (D). 

Increases in strain energy within the subset of transition metal nitrides and carbides 

screened does not, however, appear to correlate with an increase in Ea. This indicates a different 

characteristic is important in suggesting the magnitude of Ea. Across all materials analyzed, two 
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outliers exist that have both largest Ea and Eε. These two outliers are both polymorphs of BN 

(Figure 3.4).  

One of the primary differences between BN and the other materials examined is the 

presence of a bandgap. Wide bandgaps of 5.84 eV for h-BN [151] and 6.4 eV for c-BN [152] have 

been reported. Similar to what is observed in this work for H in BN, interstitial H atoms in wide 

bandgap oxide materials cause large displacements of the nearest neighbor lattice atoms [153]. Li 

and Robertson attributed the displacement of neighboring atoms in these oxides to electrostatic 

attraction between the negatively-charged neighboring atoms and the positively charged interstitial 

H or vice versa in the case of negatively charged H interstitials [153]. The connection between the 

charge state of the interstitial H and the displacement of neighboring lattice atoms suggests that 

the redistribution of electron density during the hopping event contributes to Ea and may also be 

the underlying cause of the high Eε of the BN polymorphs where at the transition states, H forms 

a B-H-N complex that displaces the B and N atoms from their lattice positions. 

3.5.4   H charge states along the diffusion pathway 

The nature of the diffusing H atom within these materials was investigated through its 

charge state, which was calculated at the initial and transition states of a single H atom hop into 

the slab surface (Figure 3.6). Charge transfer between H and the investigated materials is 

dominated by electronegativity differences. H is more electronegative than the transition metals 

and boron (B) and is less electronegative than N and C (Table 3.1) [154]. Therefore, it is more 

likely to adopt a negative charge when bonded to a metal or B and a positive charge when bonded 

to C or N. 
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Figure 3.6 Activation energy (bars, left axis) and H charge state (solid lines, right axis) for 

diffusion of a single H atom into the lowest energy surface of the labeled refractory material. H 

charge states were calculated for the adsorbed adatom at the initial state on the surface and for 

the transition state for absorption into the surface, shown respectively across each bar. 

Element Pauling  Electronegativity [154] 

N 3 

C 2.5 

H 2.1 

B 2 

Mo 1.8 

W 1.7 

Nb 1.5 

Ta 1.5 

Ti 1.5 

Zr 1.4 

Hf 1.3 

Table 3.3 Pauling electronegativities of each element within screened materials 

Of the five materials with the largest values for Ea, both BN structures, HfN, and WC all 

show a positive H charge state along the diffusion pathway, indicating protic interstitial H diffuses 

less easily than hydridic H and is correlated with larger magnitudes of Ea. This trend is illustrated 

in comparing Ea to the sum (Σq) of the H charge states (q) at the initial and transition states of the 
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hopping event, which shows increasing Ea with increasing Σq (Figure 3.7). However, ZrN has a 

comparable barrier to the materials with protic H diffusion without following this trend (Figure 

3.6). In this case, the large atomic size of Zr [155] may screen the diffusing H atom from the 

interstitial N atoms of greater electronegativity.  

 

Figure 3.7 Activation energy versus the sum of hydrogen charge at the initial state and transition 

state for H absorption. Positive charges are correlated with larger energy barriers. 

In W and Mo, H has a near-constant, negative charge state (Figure 3.6) indicating that it 

diffuses in these materials as a hydride. The consistent magnitude of H charge throughout the H 

hopping event within W and Mo indicates that there is a uniform difference in electronegativity 

between the diffusing H atom and the surrounding lattice atoms and that H charge in these pure 

metals does not contribute to an increase in Ea. However, for H diffusion in most transition metal 

nitrides the magnitude of the H charge state changes along the diffusion pathway. As H enters the 

slab, its distance from the N interstitial atoms lessens in all metal nitrides investigated in this work. 

This causes an increase in H charge ranging from less negative in TaN and ZrN to positive charges 

in TiN when bonded to a N atom at the transition state. However, H charge in HfN is instead 
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positive when in an adatom position on a surface Hf atom but negative at the transition state (Figure 

3.6). The positive charge on H when at the initial state of the diffusion pathway into the HfN 

surface is possibly due to the lower electronegativity of Hf compared to Ta, Ti, and Zr allowing 

for more transfer of electron density to the N atoms and away from both the Hf atoms and the 

diffusing H atom. At the transition state in HfN, the H atom is between two Hf atoms that it can 

bond with and accept electron density from compared to atop a single Hf atom on the surface. At 

the transition state for H diffusion into the TiN surface, the H atom moves close to a N atom where 

it forms a bond and loses electron density unlike in TaN, HfN, and ZrN where it is most favorable 

to diffuse furthest from the N atoms and between two metal atoms. This difference in diffusion 

pathways could be due to the closer spacing of the smaller Ti atoms compared to the other 

transition metals (2.94 Å for Ti atoms compared to 3.17 Å for Hf atoms and 3.22 Å for Zr atoms). 

However, because the Ea in TiN is lower than those of the other nitride materials, this diffusion 

pathway does not appear to elicit a significant energy penalty, unlike the other cases of protic H 

diffusion.  

In both BN polymorphs, H loses electron density to the more electronegative N atom at the 

transition state but at the initial state it accepts density from B in h-BN and again donates density 

to N in c-BN (Figure 3.6). Although there is ample space for H to diffuse through the center of a 

h-BN ring, it is energetically favorable for H to remain bonded to the lattice atoms when passing 

through a sheet as evidenced by its non-neutral charge. In both polymorphs of BN, H breaks a B-

N bond at the transition state to form B-H and N-H bonds, which could be due to electrostatic 

interactions between the induced charges on the atoms after H adsorption to the BN slab surface 

where N is attracted to the excess electron density on the H atom in h-BN and the positive H atom 

is attracted to the excess charge on the B atom in c-BN. In both BN polymorphs, the diffusing H 
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has a more positive charge at the transition state as well as a larger Ea than in the other screened 

materials. 

The charge state of H in the transition metal carbides correlates well with its environment 

within the lattice. The H atom presents a negative charge when bonded to the metal atoms and 

loses electron density to become less negative or positively charged when closer to a C atom. This 

is consistent with the electronegativity differences of these elements (Table 3.3) [154]. The slightly 

negative charge of the H atom when adsorbed to the top of a C atom in NbC and ZrC (Figure 3.6) 

indicates that it is bonded with both the C and the nearest metal atoms. In this position, it can gain 

electron density from the lower electronegativity metal atoms whereas it also loses electron density 

to C. On WC, which has a hexagonal crystal structure compared to the cubic structure of NbC and 

ZrC, H adsorbs between only W atoms where it is furthest from surface C atoms and has a more 

negative charge than when on the other metal carbide surfaces (Figure 3.6). However, as H diffuses 

into the WC slab, its distance from the nearest C atoms decreases significantly and it loses electron 

density thereby forcing it to take on a positive charge (Figure 3.6). This positive charge within the 

H hopping pathway in WC correlates with a larger Ea than those observed in the other carbides 

examined and is consistent with the trend observed in Figure 3.7.  

3.5.5   Redistribution of electron density along the diffusion pathway 

The redistribution of electron density and formation of new states from bond breakage and 

formation with the diffusing H atom affects the total energy of the system and therefore the 

magnitude of Ea. The changes seen in the DOS plots are similar within each of the four categories 

tested:  pure metals (Figure 3.8 A), transition metal nitrides (Figure 3.8 B), boron nitrides (Figure 

3.8 C) and transition metal carbides (Figure 3.8 D). 
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Figure 3.8 DOS plots of diffusing H atom, nearest neighbor cations, and nearest neighbor anions 

(from left to right) along the lowest energy diffusion pathway within each material category: 

pure metals (A), transition metal nitrides (B), boron nitrides (C), and transition metal carbides 

(D). DOS plots are overlaid for the initial and transition states and are separated by atom type 

(element). Left of each DOS series is an image of the transition state structure of the material 

named above the image. 

On the surface of pure metals, H’s DOS shows a broad spread in energy levels of filled 

states from 0 to 7.5 eV below EF (Figure 3.8 A) that overlap with peaks in the DOS of the 

underlying metal atoms. As H diffuses into the pure metals, its filled states form a narrow peak 
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near -10 eV below the Fermi energy. This same broadening and narrowing of the filled states of 

the DOS has previously been reported for H interstitial defects within bulk W [40], Mo [156], and 

Fe [157] where interstitial H in vacancies in the metal lattice display broader DOS peaks. This is 

attributed to increased hybridization between the orbitals of H and the nearest neighbor metal 

atoms in vacancies and is correlated with the strong trapping effect of vacancies in the metal lattice 

on H interstitials. Atomic H is more stable within a vacancy than in an interstitial site. The 

similarity of the DOS plots of H on surfaces in this work to those of H in vacancies within bulk W 

and Mo suggests there is also stronger hybridization and therefore bonding of H to the surface 

atoms than at the TS of the H hop. Therefore, this loss of hybridization as H diffuses from the 

surface and into the material is unfavorable and contributes to the magnitude of the Ea.  

At the transition states in the H hopping pathway, the shape of the DOS plots of H in 

transition metal nitrides (Figure 3.8 B) is similar to that of H in the pure metals (Figure 3.8 A). 

However, at the initial state, only the hexagonal nitride, TaN has a similar DOS to the pure metals. 

The DOS plots of the initial state of H on the surface of cubic nitrides (TiN, HfN and ZrN) show 

a narrow peak that overlaps with states in the DOS of the metal atoms in the respective lattice but 

not with the N atoms. This difference in the shapes of the DOS for H where broad peaks are 

observed on pure metals versus the narrow peaks observed on cubic nitrides could be due to the 

presence of N atoms pulling electron density away from the metals atoms and thereby making it 

unavailable for bonding between the H and metal atoms. This weaker bonding between the metal 

atoms with the interstitial H could be a contributor to the higher magnitudes of Ea in nitride 

materials than pure metals.  

The discrepancy in DOS shape between the cubic and the hexagonal metal nitrides 

corresponds with the difference in the most favorable absorption sites for these materials. In 
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hexagonal TaN, H prefers a hollow site equidistant from 3 Ta atoms whereas in the cubic nitrides:  

TiN, HfN, and ZrN, it prefers to adsorb to the top of the metal atom. The difference in bonding of 

these materials is likely due to the differing number of valence electrons between group 4B 

elements (Ti, Hf, and Zr) and group 5B elements (Ta). Another difference observed between DOS 

plots is in that of TiN. Whereas TiN shows a large overlapping peak between N and H at the 

transition state, the other nitrides do not show such a significant overlap. This bonding between H 

and N in TiN is evident when examining the structure at the TS (Figure 3.8 B) where H diffuses 

next to a N atom in TiN and is also consistent with the positive H charge at the transition state 

(Figure 3.6). The H diffusion pathway in the other nitrides, however, is directly between nearest 

neighbor metal atoms.  

The presence of H in the band gap materials analyzed in this study, h-BN and c-BN, induces 

the formation of filled mid-gap states at the transition state (Figure 3.8 C). The formation of mid-

gap states is observed for interstitial H atoms in other insulating materials as well, such as alumina 

[158]. In both BN polymorphs, the H atom forms a B-H-N complex at the transition state giving 

the H atom a similar charge at the transition state in both materials (Figure 3.6). As H diffuses 

from its adsorption site on the surface and into these materials, the Fermi energy, EF, shifts in 

accordance with the energy level of the mid-gap state. As H diffuses into the slab, EF decreases 

for the cubic polymorph and increases for the hexagonal polymorph relative to EF of the adsorbed 

H adatom on each material’s surface (Figure 3.8 C). This ΔEF is larger at the higher-energy 

transition state and smaller at the relaxed final state in both crystal structures. In addition, ΔEF is 

larger in the hexagonal polymorph than in the cubic polymorph indicating larger shifts in EF is 

likely unfavorable because it correlates with increased system energies.  
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In both ZrC and NbC, H favorably adsorbs atop a surface C atom which causes the overlap 

of DOS peaks between H and the metal atoms at the initial state. However, in WC, H prefers to 

adsorb at a bridge site between two W atoms. The peak shapes at the initial state of H on the WC 

surface are similar to those of pure W where hybridization and strong bonding is observed. As H 

diffuses into the WC slab, it loses this hybridization and more narrow peaks are observed in the 

DOS. This unfavorable loss of hybridization in WC compared to ZrC and NbC could contribute 

to the much larger Ea of WC than the other two carbides. 

3.5.6   Experimental validation of nitride stability 

Although the nitrides and carbides examined have high melting points and in certain cases 

high Ea for H diffusion (e.g. BN, HfN, ZrN), decomposition into pure metals and gaseous N2 or 

NH3 can occur below the melting point. This will lower not only the Ea [47, 89], but also the 

melting point of the coating, posing a risk to the coating efficacy and integrity during use. 

Therefore, N vacancy formation energies, Evf,NH3 and Evf,N2, were computed and compared against 

both NH3 and N2 formation, respectively. The larger the Evf, the less likely the system is to 

overcome the energy barrier and form a N vacancy.  

Five screened nitrides were computational analyzed for Evf:  BN, HfN, TaN, TiN, and ZrN 

(Figure 3.9). Positive energies indicate thermodynamic stability with respect to N2 and NH3 

formation, and the only material predicted to fully decompose within the plotted temperature range 

is TiN which favors gaseous N2 formation over fixed N retention above 2550 K. The nitrides 

examined at 1773 K should retain their fixed N content during testing in H2 given their positive 

values of Evf. However, it should be noted that these metal nitrides begin to oxidize at ~1073 K in 

air [159]. The computed values for Evf,NH3 and Evf,N2 at 1773 K and 2773 K indicate that forming 

gaseous N2 is thermodynamically more favorable than NH3. At 1 atm, the decomposition of NH3 
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into N2 and H2 is thermodynamically favorable above 570 K, therefore only values of Evf,N2 were 

compared above 570 K. 

 

Figure 3.9 Nitrogen vacancy formation energies (solid, left axis) at 1773 K and 2773 K relative 

to N2 formation as noted by the legend and fixed nitrogen retention at 1773 K (hatched, right) of 

commercially available refractory nitrides. Materials are shown in order of decreasing predicted 

stability from left to right. *c-BN, TaN, and HfN were not experimentally tested 

Nitride stability under hot H2 flow was experimentally probed to compare to computational 

predictions. Bulk h-BN, TiN, and ZrN powders were subjected to flow of 20% H2 in Ar balance 

for 3 hours at 1773 K. It was seen that h-BN and ZrN retained all of their nitrogen content 

throughout the experiment and TiN retained over 98% (Figure 3.9) as predicted by their positive 

vacancy formation energies. It is possible that the small loss of fixed N in TiN was partially due 

to the slight presence of oxygen that remained in the system after inert gas purging. Only TiN and 

HfN are computed to have a negative Evf,N2 below their respective melting points: TiN at 2550 K, 

which disqualifies it from use in NTP engines, and HfN at 2920 K which is still above the NTP 

operating temperature. The high values of Evf,N2 in both BN polymorphs at 2700 K makes it the 



64 

 

most attractive material for NTP applications with respect to predicted N retention and the lower 

values of Evf,N2 in TaN, ZrN, and HfN (in order of decreasing predicted stability) make them more 

susceptible to loss of N during operation.  

Conclusions 

Eleven materials including refractory nitrides, carbides, and pure metals were compared 

with respect to Ea for H diffusion. The initial and transition states of a single H hop into the surfaces 

of these materials were further analyzed and compared to gain insight into the contributing 

variables for higher or lower values of Ea. Variables investigated were Eε, H charge state, and the 

redistribution of electron density as indicated by the DOS. It was observed that the materials with 

the largest values for Eε, h-BN and c-BN, also had the largest values of Ea indicating the presence 

of an energy penalty from rearrangement of atoms. However, a pattern was not evident amongst 

the other materials, which suggested another variable was contributing to barrier height in addition 

to Eε. Because BN was the only material screened with an electronic band gap, it is likely that 

bonding between H and the lattice atoms and redistribution of electron density contribute to the 

differences in Ea observed between the screened materials.  

The majority of the high Ea materials:  h-BN, c-BN, HfN, and WC, exhibited a positive H 

charge state along the diffusion pathway indicating H loses electron density to the lattice atoms in 

these materials. The negative charge state in transition metal nitrides and carbides indicated the 

formation of hydrides in these materials between the metal atoms and the diffusing H atom. The 

correlation between more positive H charge along the diffusion pathway and larger values of Ea 

indicates that diffusion of protic interstitial H atoms is less favorable than that of hydridic 

interstitial H atoms. 
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Changes in the DOS were also examined to analyze redistribution of electron density 

during H diffusion. Formation of mid-gap states in the insulating material tested, BN, were seen 

due to the presence of the H atom at the transition state. The large values of Ea of both BN 

polymorphs suggest the deep mid-gap state is unfavorable and a contributing factor to Ea. DOS 

plots of H diffusion into W, Mo, and WC show an energetically unfavorable loss of hybridization 

from the initial to the transition state which contributes to the diffusion barrier height. The lack of 

hybridization seen in the H DOS in the cubic transition metal nitrides and carbides analyzed 

compared to the pure metals is likely due to the N and C interstitial atoms pulling electron density 

away from the metal-H bonds, making diffusion less favorable.  

Through calculation of vacancy formation energies and experimental testing, all screened 

metal nitrides are predicted to retain their fixed N content at 1773 K. However, TiN is 

computationally predicted at 2550 K to form N vacancies with respect to N2 formation. Of the 

nitrides analyzed, the BN polymorphs are predicted to be most thermodynamically stable at NTP 

operating temperatures with respect to fixed N loss, followed by TaN, ZrN, then HfN. 

The materials computationally predicted to perform best as H EBC materials are BN, HfN, 

ZrN, and WC which are suggested for experimental H permeation testing. Future work is 

suggested to determine the pre-exponential factors associated with the materials with large values 

of Ea. 
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Atomic Layer Deposited Boron Nitride Nanoscale Films Act as High Temperature 

Hydrogen Barriers 

Most of the content in this chapter appears verbatim in the following manuscript: 

Sarah K. Bull, Theodore A. Champ, Sai V. Raj, Robert C. O’Brien, Charles B. Musgrave* and 

Alan W. Weimer*. Atomic Layer Deposited Boron Nitride Nanoscale Films Act as High 

Temperature Hydrogen Barriers. (2021) [Under revision]. 

Abstract 

Hydrogen environmental barrier coatings reduce hydrogen diffusion and concomitant 

hydrogen embrittlement of materials such as those used in nuclear and fuel cell applications where 

hydrogen is used as a fuel source. In this work, atomic layer deposition (ALD) was used to coat 

substrates with boron nitride (BN) films of approximately 6, 8, and 15 nm thicknesses. Differential 

thermal analysis of the coated samples in hydrogen gas showed resistance to reaction with 

hydrogen to at least 1713 K. Diffusion of atomic hydrogen into the hexagonal BN (001) surface 

and between sheets as well as material stability were computationally studied using density 

functional theory. A high activation energy of 3.25 eV was calculated for atomic hydrogen 

diffusion into the (001) hexagonal BN surface through a sheet. However, lower activation energies 

of 1.35 eV, 1.11 eV, and 0.12 eV were computed for unique hydrogen diffusion pathways between 

sheets, suggesting that sheet orientation parallel to the substrate surface is vital for attaining 

desirable barrier film properties. A predicted positive nitrogen vacancy formation energy of 5.3 

eV at 2773 K suggests that hexagonal BN is stable at nuclear thermal propulsion operating 

temperatures, and stability was confirmed experimentally up to 1773 K. 
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Introduction 

Nuclear thermal propulsion (NTP) engines that use hydrogen (H2) as a propellant offer an 

attractive alternative to chemical combustion engines for in-space propulsion systems because of 

their high specific impulse [17]. These engines operate by heating H2 in a nuclear reactor core to 

>2700 K before expelling it from a supersonic nozzle to generate thrust [17]. In one particular 

configuration, the fuel elements are hexagonal-shaped cermet rods composed of uranium dioxide 

(UO2) ceramic fuel pellets that heat the propellant and are embedded in a metallic tungsten (W) 

matrix. High-aspect-ratio flow channels along the length of the elements maximize the interfacial 

surface area between the propellant and the heat source. Hydrogen is chosen as the propellant for 

NTP engines because its low molecular weight allows for specific impulses of 900 s, twice that of 

a chemical combustion engine [5]. However, H2’s small size also enables it to diffuse through 

materials leading to hydrogen embrittlement [7, 8, 35, 160]. The embrittlement of these cermet 

NTP fuel elements is primarily driven by the formation of uranium hydrides and gaseous H2 

bubbles that exert pressure on the surrounding material, resulting in catastrophic failure due to 

crack formation and fracture [10, 21]. For metals, such as the W that forms the matrix of the fuel 

elements, H2 can decrease the interfacial strength between grains, leading to intergranular fracture 

and an increase in the ductile to brittle transition temperature [7, 8].  

Other applications beyond NTP also require limiting H2 diffusion. For example, the 

detrimental effects of hydrogen embrittlement have been observed in fuel cells operating at 

temperatures up to 1273 K [11, 88, 161] as well as in materials of nuclear fusion reactors for power 

generation that utilize hydrogen isotopes as a plasma source and operate with cooling water to 

maintain wall temperatures near 573 K [31]. Minimizing H2 diffusion in pipeline materials is 

essential not only to prevent embrittlement, but also to improve H2 fuel retention [9, 162]. One 
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approach to address these issues is to develop environmental barrier coatings (EBCs) to minimize 

H2 diffusion into and through susceptible materials. 

Previous EBCs have included pure metals, graphite, carbides, nitrides, and oxides, and 

have been formed via aluminizing and oxidation [12, 31, 35, 36], atomic [37] and chemical [31, 

38] vapor deposition, magnetically enhanced plasma ion plating [39], and packed-bed cementing 

[31]. The current state-of-the-art EBC for NTP applications is W deposited via chemical vapor 

deposition (CVD) on UO2 spheres before they are embedded in the metallic matrix. However, this 

method cannot uniformly coat within the H2 flow channels given that deposition reactions are not 

self-limited [26]. Tungsten is chosen for its retained strength at elevated temperatures, high melting 

point (3683 K), thermal conductivity and low H2 diffusivity relative to other pure metals [163]. 

Nevertheless, it is still subject to hydrogen embrittlement [23, 163, 164]. In the CVD process, not 

only do reactions occur on the substrate surface, but because reactions are not self-limiting, they 

also occur in the gas phase, which leads to particle formation [27]. These particles are then 

incorporated into the coating, creating a pore network of low-energy diffusion pathways that result 

in poor hydrogen diffusion barriers [25]. Gas phase reactions in CVD also generally result in 

irregular film deposition, especially in high-aspect-ratio channels, such as those throughout the 

hexagonal NTP fuel elements, where non-uniform deposition often clogs the channel entrance 

[26]. Development of better barrier materials that reduce H2 diffusion and embrittlement, and 

deposition with a coating method that does not form particles and that uniformly coats the surfaces 

of high-aspect-ratio pores, is essential to the viability of this technology.  

Herein, we report on the use of atomic layer deposition (ALD) to create a boron nitride 

(BN) EBC to reduce high temperature H2 diffusion. ALD deposits amorphous films that would 

limit film crystallization to the hexagonal layered structure (h-BN) [55, 56] at the low pressures 
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used in this work, as crystallization to the cubic phase requires high pressures (>5.5 GPa) and 

temperatures (>1773 K) [58]. Previous experimental studies, however, have examined both h-BN 

and cubic BN (c-BN). Steel substrates coated with c-BN thin films exhibited [39, 59] up to a two 

order of magnitude reduction of hydrogen permeability with only a 1 µm thick film of c-BN and 

a 0.5 µm thick SiC tie layer [39]. The effectiveness of thin h-BN barriers has been shown to depend 

on the deposition method and resulting microstructure. Hexagonal BN deposited via ion beam 

assisted deposition (IBAD) resulted in (002) planes oriented perpendicular to the substrate and 

thus facile diffusion and high H2 permeability through the film [59]. However, polycrystalline h-

BN films deposited via radio frequency magnetron sputtering reduced the permeability of H2 in 

metallic samples [60]. In addition, h-BN flakes parallel to their substrate surface were observed to 

trap molecular H2 as bubbles that were stable up to 1073 K without outward diffusion [61]. These 

promising results motivated our investigation of ALD BN as a H2 barrier coating with the goal of 

reducing H2 diffusion into substrates at high temperatures, such as the operating temperatures of 

solid oxide fuel cells and NTP engines. 

ALD utilizes sequential, self-limited surface reactions to ideally deposit a film atomic layer 

by atomic layer. As a result, ALD creates low-defect, nanoscale-thick films that are chemically 

bonded to the substrate [63]. EBCs deposited by ALD have been shown to effectively protect 

substrates from oxidizing environments at high temperatures [87]. In this work, the effectiveness 

of EBCs toward blocking hydrogen diffusion in a reducing environment is experimentally and 

theoretically investigated. Avoiding the formation of defects in h-BN sheets is critical given the 

calculations by Shevlin and Guo [165] that predict that both B and N vacancies as well as antisite 

defects (substitutions of one atom type by the other) can cause molecular H2 adsorption to switch 

from an endothermic to an exothermic process, thereby making the first step in the diffusion 
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pathway thermodynamically favorable. In addition, ALD reactions are self-limiting; thus, ALD is 

not a line-of-sight deposition technique, which enables ALD to deposit uniform films on high-

aspect-ratio features, such as within the long and narrow channels of NTP fuel elements [27, 55, 

63]. The nanoscale thicknesses of ALD deposited films also provide the added benefit of increased 

elasticity compared to thicker films, lowering the risk of delamination or cracking from coefficient 

of thermal expansion (CTE) mismatch [94]. This issue is relevant in coatings for reducing H2 

embrittlement of ceramic fuel in NTP engines that operate at >2700 K because UO2 and UN have 

larger CTEs of 10.52×10-6 K-1 and 8.61×10-6 K-1 [105], respectively, than W, the state-of-the-art 

coating material, which has a CTE between 6.5×10-6 K-1 and 7.7×10-6 K-1 [166] and h-BN with a 

computed CTE of 7.2×10-6 K-1 [167]. The results presented here suggest the use of nanoscale BN 

ALD films to protect susceptible substrates from H2 diffusion and to serve as a candidate EBC 

material for NTP fuel elements.  

Materials, experimental and theoretical methods 

4.3.1   Atomic layer deposition of BN  

Boron nitride ALD coatings were deposited on zirconia (ZrO2) nanopowder (U.S. Research 

Nanomaterials) and 5 wt% yttria stabilized zirconia (YSZ) micropowder (Glen Mills VHD milling 

powder) using a 316 stainless-steel fluidized bed ALD reactor as detailed elsewhere [65, 66, 95]. 

Components of this ALD reactor system have been described in detail previously [37]. The 

particles of the ZrO2 nanopowder averaged 40 nm in diameter with a specific surface area of 

11.7±0.1 m2/g. To determine the film growth rate, 80 BN ALD cycles were performed on 6 g of 

untreated nanopowder. The YSZ powder averaged 100 m in diameter, giving it a theoretical 

specific surface area of 0.01 m2/g. Boron nitride ALD was performed on 15 g of YSZ 
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micropowder, 3 g of which was removed after both 115 and 165 BN ALD cycles and the remainder 

after 310 ALD cycles.  

Boron nitride ALD using boron trichloride (BCl3) and high-purity ammonia (NH3) was 

performed at 500 K based on the ALD window reported by Ferguson et al. [55]. Gas lines to and 

from the fluidized bed were kept above 373 K. Boron trichloride with a purity of at least 99.9% 

and anhydrous NH3 with a purity >99.98% were procured from Sigma-Aldrich, St. Louis, 

Missouri. Given that the dosing time required to reach substrate saturation depends on the amount 

of surface area in the reactor bed, dosing times were altered in response to changes in the mass of 

the loaded powder and its specific surface area. Because ALD is self-limiting, dosing beyond 

saturation does not lead to more deposition but does waste precursor. For the loadings used in this 

work, doses to reach breakthrough averaged 300 s and 120 s for BCl3 and ammonia, respectively, 

and nitrogen purges were performed for 1800 s and 2100 s, respectively. However, times were 

dynamically adjusted in response to changes in the total surface area to ensure adequate time for 

surface saturation and reaction completion. 

The average deposition per cycle on ZrO2 powder samples was determined using an FEI 

Tecnai G2 20 S-Twin transmission electron microscope (TEM). A TEM sample was prepared from 

YSZ powder coated with 310 BN ALD cycles by focused ion beam (FIB) milling using an FEI 

Quanta 3D FEG. This sample was imaged using an FEI Tecnai TF30-FEG STwin TEM equipped 

with energy dispersive x-ray (EDX) detectors. The thickest coating on the YSZ powder was 

analyzed for surface elements by x-ray photoelectron spectroscopy (XPS) using a PHI-5600LS 

with a monochromatic Al (1486.6 eV) x-ray source. Charge neutralization was performed on the 

insulating samples, and the neutralization electron current and energy were chosen to align the C 
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1s peak to 284.8 eV. Peak-fitting of the XPS data was performed using reported reference values 

[96]. 

4.3.2   Stability testing of bulk BN 

Bulk BN of HCV grade was procured from Advanced Ceramics Corporation to analyze 

nitride stability at high temperatures in a 20% H2 in argon (Ar) balance environment. An alumina 

crucible was loaded with 0.76 g of bulk BN powder and heated to 1773 K at a rate of 10 K/min. 

The sample was held at 1773 K for 3 hours and ramped down to room temperature at the same 

rate. Temperature ramps were done under 40 cm3/min Ar flow and the high temperature hold was 

done under 10 cm3/min H2 in addition to the Ar flow. The powder was tested both before and after 

this H2 heat treatment for fixed nitrogen content using a LECO TC600 fixed O and N light element 

analyzer.  

4.3.3   Differential thermal analysis  

Differential thermal analysis (DTA) was performed using a Netzsch STA 449 F3 housed 

in an Ar-purged glovebox as previously described [37] for samples tested in a H2 environment. A 

Netzsch STA 449 F1 was used for sample testing in a pure Ar environment. Purge gas of either 

6% H2 in Ar or pure Ar was dosed at 20 cm3/min throughout the experiment, in addition to 50 

cm3/min of Ar protective gas. An initial ramp rate of 10 K/min was used to reach the maximum 

furnace temperature of 1873 K for the F3 instrument and 1773 K for the F1 instrument followed 

by an isothermal hold for two hours before ramping down to room temperature at 15 K/min. Only 

data from the initial ramp were compared where time and temperature were equivalent on both 

instruments. 
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4.3.4   Computational methods 

Atomic hydrogen (H) diffusion in h-BN was investigated using density functional theory 

(DFT). H atom hops from the most favorable adatom position atop a B atom on the lowest energy 

surface to the underside of the same B atom as well as hops between sheets of the first subsurface 

layer of h-BN were computed. The Vienna Ab initio Simulation Package (VASP) was utilized to 

perform DFT calculations using periodic boundary conditions, the strongly constrained and 

appropriately normed semi-local density functional (SCAN) [125] and the projector augmented-

wave (PAW) pseudopotentials [68-73]. Calculations using a supercell slab model of the surface 

were performed using a 520 eV energy cutoff and a 551 k-point expansion. Periodically repeated 

BN slabs consisting of 72 atoms were separated by 12 Å of vacuum space to limit interactions 

between the diffusing H atom and the bottom of the slab. The lateral dimensions of the supercell 

were chosen to limit interactions of the H atom with its periodic image. Atomic positions of the 

bottom two layers of the slab were constrained to reduce the computational expense of the 

calculations. The transition states (TS) for H diffusion were determined using the nudged elastic 

band (NEB) method. Bader charge analysis was used to determine the charge state of the diffusing 

H atom. Both methods were implemented within VASP using scripts developed by the Henkelman 

Group [98, 100, 101, 128, 129, 132, 133, 168-171]. Density of states (DOS) plots were generated 

from a converged single-point calculation with a higher density 10101 k-point mesh at the 

initial, transition, and final states. Bulk BN calculations were performed using a 72 atom supercell 

with a 666 k-point expansion and 550 eV energy cutoff. Nitrogen vacancy formation energies 

were calculated from these bulk systems using gaseous diatomic nitrogen as the reference state. 
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Atomistic Modeling of H Diffusion 

4.4.1   Computational analysis of diffusion 

Hexagonal BN was computationally hypothesized to be a promising material to improve 

upon W, the current state-of-the-art H2 EBC material, due to h-BN’s larger activation energy (Ea) 

for H diffusion into its most favorable surface, 3.25 eV compared to W’s 2.0 eV [37]. The predicted 

performances of h-BN and W as H diffusion barrier materials were compared based on their 

computed Eas for H diffusion. The diffusion of interstitial H in materials is expressed by an 

Arrhenius equation as: 

𝐷 = 𝐷0exp (
−𝐸𝑎

𝑘𝐵𝑇⁄ ) Equation 4.1 

𝐷0 = 𝛼𝑎2𝑣 Equation 4.2 

where Ea is the activation energy for H diffusion in the material, D0 the pre-exponential factor, α  

a numerical constant relating to the locations of the interstitial positions, a the lattice constant, and 

v the attempt frequency [135]. The exponential Boltzmann factor provides the fraction of hop 

attempts that have sufficient energy to surmount Ea, which is equivalent to the energy difference 

between the TS (𝐸𝑇𝑆) and the initial state (𝐸0) along the minimum energy diffusion pathway and 

was computed here using DFT: 

𝐸𝑎 = 𝐸𝑇𝑆 − 𝐸0 Equation 4.3 

The pre-exponential factor, D0, depends on the length of an atomic hop and the frequency 

of hop attempts and can be related to the activation entropy through the relationship of the rate of 

the diffusion process and the activation free energy of an atomic hop. However, D0 was not 

calculated in this work, as it was previously reported to range in order of magnitude from 10-7 

experimentally [136] to 10-8 computationally [43, 109, 137] for H diffusion in W and 10-8 

experimentally for both deuterium in h-BN [60] and H in amorphous BN [60, 138]. Given the 
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similarity in magnitude of these prefactors, in addition to the high computational cost of calculating 

them for surface absorption, only activation energies were calculated and compared. Owing to the 

exponential, small differences in the magnitude of Ea cause large differences in the magnitude of 

the exponential term as well as the resulting diffusion coefficient. However, this is partially 

mitigated by the high temperatures at which diffusion occurs in solid-oxide fuel cells and NTP 

engines. Nonetheless, given the usual high sensitivity of diffusion on the Boltzmann factor relative 

to the prefactor, it is common to report only activation energies when comparing material 

permeabilities [47, 142, 143]. 

The atomic charge states of the diffusing H atom were calculated based on a Bader 

population analysis [101] as implemented in code available from the Henkelman group [98, 132, 

133, 171]. The difference between the calculated electronic charge and the charge of the nucleus 

of each atom was used to define an atom’s charge state.  

Strain energies to distort the h-BN structure to the TS were used to quantify steric hindrance 

along the H diffusion pathway. They were calculated as: 

𝐸𝜀 = 𝐸𝑇𝑆,𝑛𝑜 𝐻 − 𝐸0,𝑛𝑜 𝐻 Equation 4.4 

where Eε is strain energy, 𝐸𝑇𝑆,𝑛𝑜 𝐻 the energy of the B and N atoms constrained in their TS 

configuration with H removed, and 𝐸0,𝑛𝑜 𝐻 the energy of the B and N atoms in the bare crystalline 

surface as modeled by the relaxed slab before the introduction of H.  

The nitrogen vacancy formation energy, 𝐸𝑣𝑓,𝑁, was calculated as: 

𝐸𝑣𝑓,𝑁 = 𝐸𝑣,𝑏𝑢𝑙𝑘 − 𝐸𝑏𝑢𝑙𝑘 +
1

2
𝐸𝑁2

  Equation 4.5 

where 𝐸𝑣,𝑏𝑢𝑙𝑘 is the energy of the system with a single N vacancy, 𝐸𝑏𝑢𝑙𝑘 the energy of the system 

with no vacancies, and 𝐸𝑁2
 the energy of N2 adjusted for chemical potential at temperatures above 

0 K. This adjustment is calculated as [144]:  
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∆𝜇(𝑇, 𝑃0) = [𝐻0 + 𝐶𝑝(𝑇 − 𝑇0)] − 𝑇 [𝑆0 + 𝐶𝑝 ln (𝑇
𝑇0

⁄ )] Equation 4.6 

Tabulated values were used for the standard diatomic nitrogen gas reference [145]. Only 

the removed ion has a chemical potential adjustment because of the near cancellation of the term 

when taking the difference in energies between the bulk system with and without the vacancy. The 

larger the vacancy formation energy, the less likely this type of defect is to form, suggesting that 

the material is more stable.  

Results and discussion 

4.5.1   Computational H diffusion analysis 

BN was chosen as an EBC material to explore experimentally for preventing H2 diffusion 

due to its favorable theoretical performance compared to the legacy material, W, based on 

calculations in this work. This predicted performance was investigated by comparing Eas for 

atomic H diffusion into the surface of each material. Tungsten’s computed Ea for H diffusion was 

2.02 eV, corresponding to diffusion from the most favorable adsorption site into the first 

subsurface layer, and 0.19 eV for diffusion within the bulk [37]. Consequently, W’s performance 

primarily depends on preventing H from entering the bulk. Only h-BN was computationally 

investigated in this work because crystallization of the amorphous as-deposited BN thin film at 

atmospheric pressure preferentially forms the hexagonal crystal structure.  

We computed an Ea for atomic H diffusion of 3.25 eV from an absorbed position on a B 

surface atom on the most energetically favorable (001) crystallographic plane of the h-BN crystal 

(Figure 4.1) through the h-BN sheet. Additionally, activation energies for H hopping between the 

top two h-BN sheets were computed for the three pathways depicted in Figure 4.1 (b-d): 1) from 

the underside of a B atom of the top sheet to on top of a B atom of the subsurface sheet, 2) from 

the underside of a B atom on the top sheet to the underside of its nearest neighbor N atom of the 
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top sheet, and 3) from on top of a B atom on the second sheet to on top of the nearest neighbor N 

atom of the second sheet. We computed activation barriers for these three pathways of 0.12, 1.35, 

and 1.11, respectively. The Ea of 0.12 eV for diffusion from a B atom of one sheet to that of the 

neighboring sheet, calculated by DFT in this work, is very similar to the previously computed 

barrier of 0.08 eV from well-tempered metadynamics simulations [172]. Unlike W, h-BN does not 

catalyze the dissociation of the H2 molecule. Instead, H2 dissociation on h-BN requires a significant 

Ea of 2.4 eV, as calculated by Shevlin and Guo [165]. However, previous experimental studies 

analyzed the presence of hydrogen within h-BN and observed that the diffusing species were H 

atoms [172]. In addition, studies in amorphous BN observed an overwhelming presence of 

dispersed monohydrides and no trapped H2 molecules [138], which implies that atomic H diffusion 

is more likely than H2 molecular diffusion and supports analysis of only the former in the present 

study. 

 

Figure 4.1 Atomic H diffusion pathways into and between h-BN sheets. Respective activation 

energies are listed below each pathway. Green spheres represent boron atoms, gray nitrogen 

atoms, and pink hydrogen. 

The TSs along all four diffusion pathways were further analyzed and compared to the 

relaxed initial states in terms of the Eε of the BN lattice atoms (Figure 4.2) and DOS (Figure 4.3). 

At the TS, the nearest neighbor B and N atoms to the diffusing H atom relax out-of-plane, resulting 

in an increase of over 5 eV in energy of the h-BN slab, compared to the unperturbed surface. This 
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is likely to contribute to the high Ea for H diffusion into the h-BN surface, compared to diffusion 

between sheets where B and N lattice atoms do not have to accommodate the diffusing species 

(Figure 4.2). The projected DOS of the s orbital of the diffusing H atom was computed at both the 

relaxed initial state and the TS along each diffusion pathway. The labels of the DOS plots in 

Figures 3a-d correlate with the labels of the diffusion pathways in Figures 1a-d. Dissociation of 

the B-N bond and the formation of a B-H-N complex at the TS for the absorption pathway into the 

(001) surface results in the appearance of a new mid-gap state in the TS DOS near 1.5 eV above 

the Fermi energy of the relaxed structure (Figure 4.3a). Similar mid-gap states are observed when 

hydrides are formed within insulating materials [158]. Bader charge analysis indicates that the H 

is protic (positively charged) at the B-H-N TS of pathways involving both B and N atoms (a, c, 

and d). On the other hand, Bader analysis indicates that H is hydridic (negatively charged) when 

absorbed to a B atom. This is consistent with the greater electronegativity of N relative to H and 

of H relative to B [173] and indicates that H loses electron density to N through bond formation. 
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Figure 4.2 Activation energies for h-BN diffusion pathways (bars, left axis) and strain energies at 

the initial, transition, and final states, respectively, shown on the associated bar for each diffusion 

pathway (lines, right axis). 

In addition to the appearance of mid-gap states, new states are filled between -5 eV and -

10 eV of the DOS of the TS in all diffusion pathways involving a N atom (a, c, and d). The similar 

changes in the shapes of the DOS plots between the initial states to the TSs suggest that Eε (i.e., 

distortion of the crystal structure) is a larger contributor to Ea than the redistribution of electron 

density. However, because the Eas for the two B-to-N surface diffusion pathways (c and d) differ 

from the B-to-B pathway between sheets (b) when their strain energies are very similar, the 

movement of electron density caused by bond formation with a N atom likely causes this disparity. 

The larger Ea for pathways involving a N atom than with only B atoms suggests that the transfer 

of electron density is energetically unfavorable, although it impacts Ea less than ER does. This 

computational analysis of H diffusion in h-BN predicts that diffusion through h-BN sheets requires 

overcoming a substantially larger Ea than diffusion between sheets and, therefore, that orientation 

of the BN sheets on the substrate will significantly affect H diffusivity. An ideal h-BN EBC would 
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consequently be deposited with sheets parallel to the substrate surface, thereby taking advantage 

of the large Ea of 3.25 eV while avoiding the low energy diffusion pathways between sheets.  

 

Figure 4.3 Density of states plots of projected DOS on s orbital of the diffusing H atom at the 

initial (blue) and transition (orange) states where the labels of panels a-d correspond to the H 

atom diffusion pathways shown in Figure 4.1. 

4.5.2   ALD Growth 

BN was deposited via ALD using BCl3 and NH3 precursors. Self-limiting surface chemistry 

was confirmed with mass spectrometry [95] where the dose times were extended beyond the 

required reaction times, although subsequent doses were cut off at breakthrough (Figure 4.4). Dose 

times lengthen with increasing total powder surface area. Dose time was therefore adjusted 

according to the mass of powder loaded. In each dose, the increase in the precursor signal is 

coupled with a sharp decrease in the byproduct signal, indicating the consumption of surface 

functional groups and confirming self-limiting behavior. Gaseous HCl is the major byproduct for 

this chemistry in both the A and B doses. 
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Figure 4.4 Mass spectrometer trace of a single ALD cycle of BN showing self-limited surface 

chemistry. The portions of the trace not highlighted indicate inert gas purges. 

A BN film on coated ZrO2 nanoparticles was confirmed by TEM where the amorphous 

nature of ALD films allows for clear distinction of the film from the crystalline ZrO2 substrate. A 

conformal 2.5 nm BN ALD film was measured with an estimated film growth rate of 0.03 Å/cycle 

(Figure 4.5). 

 

Figure 4.5 TEM micrographs of uncoated ZrO2 and ZrO2 coated with ~2.5 nm amorphous BN 

film deposited using 80 ALD cycles. 

Yttria stabilized zirconia was used as a surrogate substrate for UO2 in thermal H2 studies 

due to its similar thermal expansion, particle size, and hydroxyl surface groups for ALD reactions 

[104-106]. Samples were coated using 115, 165, and 310 BN ALD cycles. The thickest coating 
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deposited using 310 ALD cycles was FIB milled and analyzed in the (S)TEM+EDS where 

deposition of a ~15 nm ALD film was confirmed using TEM (Figure 4.6). Large Au nanoparticles 

were deposited on the BN layer to mitigate sample charging, followed by deposition of a crystalline 

Pt overcoat to protect the sample from damage during FIB milling. The STEM+EDS spectrum 

over a localized area within the film confirmed the presence of B (Figure 4.7). The Fe 

contamination was observed as the major impurity in the coating and was likely introduced by 

corrosion of the inside surface of the lecture bottle containing the B precursor or from the steel 

reactor tube containing the powder during the coating process. The Ga and Cu present in the 

spectrum are due to ion implantation from the FIB and the TEM grid material, respectively.  

 

Figure 4.6 TEM micrographs of YSZ microspheres coated using 310 BN ALD cycles and 

prepared by FIB milling. Relevant features are highlighted, including the YSZ substrate, BN 

film, Au nanoparticles, and Pt overcoat. A film thickness near 15 nm was extracted from these 

micrographs. 
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Figure 4.7 EDS spectrum of a localized area in the middle of the BN film. This area is shown as 

the orange dot on the inset micrograph of the same sample shown in Figure 4.6. 

Elemental analysis of the coated sample surface using XPS on the 310 BN ALD sample 

also confirmed the presence of B and N, as well as Fe and Cl contaminants (Figure 4.8). Based on 

the ALD chemistry, Cl is assumed to be due to the B precursor, BCl3. The presence of C and O in 

the XPS spectrum indicates that the sample surface was covered with a layer of adventitious C and 

O from exposure to atmosphere. This layer could not be removed due to sample charging and 

therefore cannot be decoupled from the intrinsic O and C content of the sample.  

 

Figure 4.8 XPS spectrum of 310 BN ALD cycles (~15 nm) on YSZ microspheres that confirms 

the presence of B, a small amount of N, and slight amounts of Fe and Cl impurities. 
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4.5.3   Bulk BN stability in high temperature H2 flow 

In addition to investigating the deposition of a thin BN film, stability of bulk BN powder 

was computationally predicted and experimentally tested in 20% H2 in Ar balance for three hours 

at 1773 K. The BN film retained nearly all of its N content throughout the experiment (Figure 4.9). 

This result can mostly be explained by the large N vacancy formation energy, which we calculate 

to be 6.3 eV at 1773 K using DFT and adjusting for the N chemical potential. Figure 4.9 shows 

the N vacancy formation energy at two temperatures:  1773 K and 2773 K. These temperatures 

were chosen to match the experimental temperature in testing bulk BN and the operating 

temperature of NTP engines. The positive formation energy of 5.3 eV at 2773 K suggests that the 

film is stable at NTP operating temperatures. The stability of h-BN under hot H2 flow contributes 

to its desirability as a H2 EBC and is required for the film to maintain integrity at elevated 

temperatures.  

 

Figure 4.9 Fixed nitrogen retention (solid, top) for bulk BN powder and nitrogen vacancy 

formation energy from DFT calculations (striped, bottom) for bulk h-BN.  
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4.5.4   Differential thermal analysis of BN ALD films 

YSZ powders coated with 115, 165, and 310 ALD cycles were tested for their resistance 

to reaction with H2 using DTA (Figure 4.10). The occurrence of an exothermic process is observed 

for all samples at 833 K and for BN-coated samples between 953 K and 1043 K, while an 

endothermic event occurs in all samples above 1400 K. The gray highlighted peak is due to the 

tetragonal-to-cubic phase change of the yttria-stabilized tetragonal zirconia substrate. This 

temperature correlates well with the yttria-zirconia phase diagram [174]. The blue highlighted peak 

is only present in the coated samples and, therefore, likely indicates the crystallization of the 

amorphous BN film. These films are too thin for XRD confirmation; however, previous studies of 

thick CVD-deposited BN films reported film crystallization following a 1273 K anneal [175] and 

increasing film crystallinity of chemical vapor infiltration (CVI) BN films between 467 K and 917 

K [176]. The green highlighted endothermic peaks above 1400 K indicate that the material has 

started to sinter, as observed in post-analysis of the final samples. These peak temperatures agree 

well with observations by Mazaheri et al. of sintering of 3 mol% YSZ beginning at 1373 K and 

continuing through 1773 K, after which further densification was not observed [177]. Additional 

DTA peaks are not observed within this temperature range that would indicate reaction of 

hydrogen with the substrate or coating. Therefore, findings from this DTA data suggest that the 

BN films do not react in the H2 environment and, therefore, can be used as EBCs up to at least 

1713 K.  
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Figure 4.10 Differential thermal analysis (DTA) curves for BN-coated YSZ microspheres. 

Exothermic peaks are shown in the downward direction. Samples coated with 0, 115, 165, and 

310 BN ALD cycles were tested in either 6% H2 in Ar or pure Ar, as noted in the legend.  

Conclusions 

This study demonstrated the utility of BN deposited via ALD as a potential EBC against 

hot hydrogen attack in NTP engines. Atomic H diffusion was computationally analyzed in h-BN 

using DFT, and these results demonstrated that the large perturbation of both B and N atoms from 

their lattice sites at the TS is the main contributor to the high predicted barrier to diffusion. In 

addition, DOS plots of the diffusion pathways predict the formation of mid-gap states and a transfer 

of electron density that also contributes to the large Ea, but less so than the distortion of the lattice 

at the TS. The large drop in Ea from 3.25 eV to 0.12 eV for H diffusion in h-BN through a sheet, 

compared to between sheets, highlights the importance of a parallel orientation of the h-BN sheets 

relative to the substrate.  

Amorphous BN coatings were deposited on ZrO2 and YSZ substrates by ALD and tested 

for their efficacy as H2 EBCs. The BN films likely crystallized during the DTA temperature ramp 

between 953 K and 1043 K; however, the ALD films were too thin to be confirmed with XRD. 

When tested using DTA in a H2 environment, no new DTA peaks appeared in the spectrum, 
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compared to the inert Ar environment, indicating the stability of the film at these conditions. This 

supports the use of this material as an effective barrier film from room temperature up to at least 

1713 K, although we suggest further high-temperature H2 testing to demonstrate stability at nuclear 

thermal propulsion temperatures of >2700 K, as well as testing in more concentrated H2 

environments. Additionally, high-pressure crystallization of these films to experimentally compare 

the effect of crystal phase on hydrogen diffusivity is of interest because of the microstructure-

dependent Ea of BN. 
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Recommendations for future work 

W via WF6 

Chapter 2 detailed the use of particle ALD to deposit WN on YSZ microspheres showing 

good coverage, but a low deposition rate. In addition, WN reduces to W below the operating 

temperatures of solid-oxide fuel cells [161], solar-thermal water splitting for hydrogen generation 

[178], and nuclear thermal propulsion engines [5]. This decomposition results in a volume 

reduction to account for in addition to the low-growth rate when determining necessary ALD 

cycles. Therefore, direct deposition of pure W should be investigated. Common precursors for this 

deposition are tungsten hexafluoride (WF6) and disilane (Si2H6). However, WF6 is substrate 

selective and will deposit W with a slight nucleation delay on alumina, significantly delayed on 

silica, and etch titania [54]. The longer the nucleation delay, the larger the surface roughness [179].  

Deposition on YSZ was investigated in this dissertation with WF6 and Si2H6, and an 

extreme nucleation delay was observed with 23 W ALD cycles before byproducts were observed 

in the mass spectrometer. After a total of 45 W ALD cycles nanoparticle formation on the YSZ 

surface was observed using SEM (Figure 5.1). After 100 ALD cycles, W islands had formed from 

the nucleation sites, which are evident as bright nanoparticles on the YSZ surface (Figure 5.2) and 

were confirmed with EDS. However, full coverage of the oxide substrate was still not observed. 

   

Figure 5.1 Disperse W nanoparticles on 100 µm diameter YSZ surface after 45 W ALD cycles 
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Figure 5.2 Island formation and nucleation sites after 100 W ALD cycles on 100 µm diameter 

YSZ substrate 

The nucleation delay and non-conformal deposition on YSZ elicits the need to use an 

adhesion layer between the oxide substrate and metal film. A thin film of WN which was shown 

previously to uniformly coat this same YSZ substrate in Chapter 1 should be tested as an adhesion 

layer between the metal oxide and the metallic W coating. Deposition of W via ALD has 

previously been achieved on top of transition metal nitride films used as barriers to protect Si 

before metallization including TiN [180], TaN [181], and WxN [182]. Given the beneficial effect 

on WF6 reactivity observed through DFT analysis of reacting the TiN surface with borane to form 

B-N bonds on the surface before the WF6 dose [180], it is also possible that BN, already shown in 

Chapter 4 to conformally coat the YSZ substrate, can also act as an adhesion layer for WF6 ALD. 

The use of BN as an adhesion layer should, however, be analyzed for etching by the precursor and 

HF byproducts due to the volatility of boron trifluoride. The presence of a bandgap in BN 

compared to the metallic nature of the density of states in WN could affect choice of adhesion 

layer material for a desired application. 

Additional testing of promising barrier materials  

In Chapters 2 and 4, the effect of H2 atmosphere during temperature ramps were probed on 

WN and BN thin films. The equipment limited the maximum H2 content to 6%, however, further 

testing should be completed on the coated samples in higher H2concentrations and at higher 
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temperatures. Because BN was observed to be inert to H2 flow in these studies, it is a promising 

candidate for further testing at NTP conditions which represents one of the harshest environments 

for barrier coatings.   

DFT analysis of highly permeable materials 

In Chapter 3, ab initio studies of atomic H diffusion in refractory materials revealed h-BN, 

c-BN, HfN, ZrN, and WC as candidates for experimental testing. Three main material 

characteristics were probed: DOS plots, strain energies, and Bader charges and correlated to Eas 

for H diffusion into the first subsurface layer. In order to further study these material properties, 

they should be compared to materials with high H diffusivities such as vanadium and palladium 

[47] to probe how H interacts with a substrate that it can easily permeate through. In addition, 

calculation of pre-exponential factors should be completed to compare across materials screened 

in this work. 
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