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ABSTRACT 

Elucidating the mechanisms responsible for sub-microsecond desorption of water and other 

impurities from electrode surfaces at high heating rates is crucial for understanding pulsed power 

behavior.  Ionization of desorbed impurities in the vacuum regions causes power or current loss; 

devising methods to limit such desorption during the short time scale of pulsed power is needed to 

improve corresponding applications. Previous molecular modeling studies have strongly suggested 

that, under high vacuum conditions, the amount of water impurity desorbing from oxide surfaces 

on metal electrodes is at a sub-monolayer level at room temperature, which appears insufficient to 

explain observed pulsed power energy losses at high current densities. In this work, we apply 

Density Functional Theory (DFT) techniques to show that hydrogen trapped inside iron metal can 

diffuse into hematite (-Fe2O3) on the metal surface, ultimately reacting with the oxide to form 

Fe(II) and H2O.  The latter desorbs at elevated temperature and may explain the anomalous amount 

of desorbed impurity inferred from pulsed-power experiments. We also apply a suite of 

characterization techniques to demonstrate that when iron metal is heated to 650 oC, the dominant 

surface oxide component becomes -Fe2O3.  The oxide facets exposed are found to be a mixture 

of (0001), (10-10), and others, in agreement with the DFT models used. 
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1. INTRODUCTION 

The interactions between water and metal oxide surfaces are of interest to many fundamental 

science disciplines, including vacuum-related studies [1].  Iron oxides are of particular interest 

because they are the predominant phases found on steel surfaces. Their formation and interaction 

with water are relevant to corrosion, and steel corrosion is a multitrillion-dollar problem [2]. While 

corrosion due to atmospheric water is a known concern and is the subject of extensive studies, 

rapid release of water vapor and hydrogen from oxide surfaces under vacuum (~10-5 torr vapor 

pressure) common to many pulsed power applications is not completely understood. It has been 

inferred that up to tens of monolayers (ML) worth of hydrogen- and/or carbon-containing 

impurities desorb from the surface in vacuum [3], especially during pulsed operations when the 

electrodes carry large currents that heat up the electrodes in sub-microsecond time scales [4,5]. 

These impurities bridge the anode/cathode gap causing undesirable current losses.  The origin of 

the large amounts of impurity has not been explained in a vacuum setting at molecular length-

scales. 

 

Take the low energy (0001) facet of -Fe2O3 as an example. A sub-ML of molecular or dissociated 

water molecules is known to exist on the low energy (0001) facet of -Fe2O3 at room temperature 

[6].  Computationally, molecular and dissociated H2O have been predicted to be almost 

isoenergetic, and the barrier for interconversion is small on this facet [7,8]. This has allowed us to 

approximate water as non-dissociated molecules.  With this approach, we have used molecular 

simulations to show that, if > 0.4 ML of water initially exists on the surface at 10-5 torr, desorption 

rapidly occurs at room temperature before heating occurs [9,10], in qualitative agreement with 

measurements [6]. Therefore, these surfaces do not support multi-layers of adsorbed water under 

low pressure.  On polycrystalline oxide surfaces, other facets like (10-10) are also exposed [11,12].  

Previous studies have predicted that these higher energy surfaces cause partial dissociation of 

adsorbed water molecules, again at sub-ML coverage [12].   

 

The situation is different in naturally occurring systems, where iron oxide surfaces are fully 

hydroxylated. For example, iron oxyhydroxides (FeOOH) occur naturally in aqueous geochemical 

systems, and they contain a macroscopic number of proton-containing hydroxyl groups [13].  

However, FeOOH is thermodynamically unstable under low-humidity conditions and unlikely to 

be present on surfaces that have not been immersed in water, such as those being examined 

experimentally here.  These observations strongly suggest that the amount of “H2O” content on 

metal oxide surfaces not immersed in water should be limited to sub-ML quantities at 10-5 torr.  So 

the puzzle remains regarding why excess quantities of water are frequently observed in pulsed 

power applications such as Sandia National Laboratories’ Z-machine [4]. 

 

The above conclusion that < 1 ML exists on surfaces relevant to vacuum technologies was obtained 

using only crystalline oxide samples, or molecular models thereof.  In particular, the presence of 

metals underneath the oxide, such as stainless steel or iron, has often been ignored in previous 

modeling work, and they may significantly affect surface properties.   Here we propose a 

hypothesis that reconciles the sub-ML of water known to reside on oxide surfaces, and the multi-

ML of water desorbing from steel electrodes under vacuum.  The proposed mechanism is based 

on the well-known fact that a finite concentration of hydrogen resides in iron and steel[15], as it 

does in many metals[16]. We hypothesize that these hydrogen atoms residing in crystalline metal 
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regions can diffuse into the surface oxide, especially at elevated temperature.   Once hydrogen 

reaches the oxide surface, it reacts with hydroxyl group to form and release water.   

 

Since the proposed release of water molecules partly come from oxygen anions that are in the 

oxide framework, these molecules are more strongly bound to the surface than adsorbed water 

dosed on the surface.  Therefore, one expects higher water binding energies and slower desorption 

rates. Whether H2O released via this pathway is commensurate with vacuum technology conditions 

needs to be investigated. In this work, we apply Density Functional Theory (DFT) calculations to 

examine the energetics of this reaction inside hematite (-Fe2O3) and on some of its surface facets.  

We demonstrate that H + oxide -> H2O is indeed feasible in pulsed-power time and temperature 

scales.  Electrochemical reduction of some Fe(III) ions to Fe(II) must concomitantly occur if H 

atoms reacts with the oxide.  In that sense, our modeling work is closely related to H2O adsorbed 

on oxide surfaces in oxygen vacancies which creates Fe(II) [14]; however, instead of placing a 

water molecule on a given surface, we place one or more hydrogen atoms and/or hydrogen dimers 

on the surface and examine the desorption energetics. 

 

To support the models adopted in DFT calculations, we performed several experiments.  First, we 

demonstrate that -Fe2O3 is, indeed, present on iron metal surfaces. Oxide films grown at room 

temperature are typically a few nanometers thick; although elemental analysis techniques like X-

ray photoelectron spectroscopy (XPS) are illuminating, the oxide crystal structures are difficult to 

characterize because of the small grain sizes.  Using standard surface characterization techniques 

on oxide-coated metal surfaces, the oxide phase, its crystallinity, and the exposed oxide facets are 

difficult to elucidate. While scanning tunneling microscopy with atomic resolution has been 

applied to observe nano-crystallites of oxides on steel surfaces [17], such high-resolution 

experimental methods require special sample preparation and have not been applied to pure iron.   

In this work, we circumvent the spatial resolution problems by heating iron samples in air at 650 
oC [18, 19], to create oxide grains large enough to analyze using Raman spectroscopy and electron 

backscatter diffraction (EBSD) analysis.  Our synthesis and characterization work justify the oxide 

phase used in the DFT calculations for these specially prepared samples. We propose that this 

heating procedure should be used as future experimental platforms for temperature programmed 

desorption (TPD) measurements on both iron and steel samples, so that water desorption 

measurements will be performed on well-characterized surfaces and can be quantitatively 

compared to our predictions.   

 

This work uses iron as a surrogate for austenitic steel used in many pulsed-power applications. It 

is useful to discuss the relation between body center cubic (BCC) iron, and the dominant iron 

domain in austenitic steel which has a face center cubic (FCC) lattice structure.  For the purpose 

of our hypothesis, the only difference is the hydrogen binding energy inside metallic iron regions.  

Both iron phases will be calculated in this work.  Indeed, hydrogen embrittlement of steel is a 

technologically relevant research area.   

 

Steel surface is passivated by a multi-crystalline film consisting of iron oxides, chromium oxides, 

and the oxides of other minority metal components; spinels with more than one transition metal 

ion are also known to exist [20, 21].  However, the outer regions of the surface oxide are expected 

to be dominated by -Fe2O3 [22,23].  Regarding other oxide phases, hydrogen permeation and 

diffusion in -Cr2O3 and -Al2O3, isostructural to -Fe2O3, have been the subjects of many DFT 
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studies [24-27]. Insertion of hydrogen atoms inside these oxides are less energetically favorable 

than Fe2O3 because Cr(II) and Al(II) formation are more electrochemically negative.  Alumina has 

been proposed as a hydrogen blocking layer for nuclear energy applications [25].   The role of 

these oxide films on plasma applications can be investigated using methods similar to those 

discussed in this report. 
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2. METHOD 

An iron coupon 99.5% Fe, obtained from Goodfellow Corporation was characterized using Raman 

spectroscopy and white light profilometry, then an oxide layer was formed on the surface during 

sample heating to 650 ℃ for 20 minutes.  After cooling, the sample was sealed in a plastic bag, 

awaiting analysis. The sample, which now included an oxide layer, was again examined using 

Raman spectroscopy. 

 

The post-oxidation Raman spectrum was collected using an XploRA Plus Raman microscope 

(HORIBA Scientific) with a cooled CCD detector (Jobin Yvon’s Synapse camera). A laser with a 

532 nm emission wavelength was used for excitation (radiation power ~100 mW at 10% to 25% 

power). An objective with 10x magnification and a numerical aperture of 0.25 was used for 

excitation, with a resulting laser spot diameter of 2.6 microns. Each spectrum was collected with 

1 second exposure and averaged over 60 scans from 100 to 2000 cm -1. Raman spectrometer 

calibration was performed every 24 hours using a polished silicon wafer.  White light profilometry 

investigation was performed using Keyence VHX digital microscope. 

 

Spatially resolved characterization of the crystal orientation surface was performed with a 

scanning electron microscope (SEM) using electron backscatter diffraction (EBSD) mapping.  A 

polished iron coupon identical to the one used for Raman spectroscopy, was again heated in air to 

650 °C for 20 min, for the purpose of growing an oxide layer thick enough for crystallographic 

characterization.  Grazing angle X-ray Diffraction was used on this sample for phase identification. 

 

We calculated energies associated with oxides using the density functional theory code VASP 

(Vienna ab initio Simulation Package) [28-34]. We used the general gradient approximation 

(GGA) with the exchange correlation functional Perdew, Burke, and Ernzerhof (PBE) [35].The 

pseudopotentials for iron, oxygen, and hydrogen were of the valence configuration d7s1, s2p4, and 

s1 respectively and the energy cutoff was 400 eV. Various Monkhorst k-point meshes were used 

[35]. Because of the strongly correlated 3d shell, we used the +U formulation [37-39] with a U-J 

of 4.5 eV. The smearing was Fermi-like with width 0.03 eV. The iron atoms were divided into two 

groups given an initial polarization guess of +4 or -4. Collinear spin polarization was used. The 

convergence criterion for the self-consistent electronic iterations was 1.0-4 eV.    The hydroxylated 

(10-10) simulation cell adopt a 10.22x13.86x27 Angstrom3 simulation cell.  The base 

stoichiometry is Fe56O100H32 prior to adding more H atoms. 

 

The water desorption energy (Edesorb) from a given configuration was calculated using 

 

                 Edesorb = E(slab + H2O) – E(slab) – E(H2O), 

 

where “slab” is the Fe2O3 solid simulation cell without the extra H2O. We assume that Edesorb is 

the same as the desorption activation energy (or barrier, E*) because, for molecular adsorbed 

H2O, the two quantities are generally identical [10]. 

 

Binding energies of hydrogen atoms in FCC Fe were calculated using a 108-atom FCC Fe metal 

simulation cell, using spin-polarized DFT, the PBE functional, 7x7x7 Brillouin zone sampling, 

and a 268 eV energy cutoff.  In BCC Fe, this was conducted using a 240-atom cell with 2x2x2 k-

point sampling at the same energy cutoff. 
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3. RESULTS 

 

3.1 Raman and Optical Spectroscopy 

 
Figure 1. Raman spectrum of oxidized Fe(0) sample. Sample was oxidized at 650 ℃ in an oven 

for 20 minutes. 

Raman spectrum of the oxidized coupon is shown in Figure 1. The observed bands and band 

assignments are shown in Table 1. These features agree with the report by Maslar et al., 2000 [40], 

where iron metal samples were analyzed using 647 nm and 785 nm lasers. The assignment of 

Raman band modes is made based on the recent publication for hematite (α-Fe2O3) single crystals 

by Marshall et al. (2020) [41]. 

 

Table 1. Raman frequencies (cm-1) of iron oxide coating on the Fe(0) coupon measured in this 

work with 532 nm laser excitation at room temperature. Band mode assignment is based on 

theMarshall et al., 2020 study of single crystal hematite (α-Fe2O3) [41]. 

 

Peak position 

(cm-1) 

Assignment Peak position 

(cm-1) 

Assignment 

Mode Phase Mode Phase 

228 A1g α-Fe2O3 612 Eg α-Fe2O3 

296 Eg α-Fe2O3 663 1LO α-Fe2O3 

414 Eg α-Fe2O3 1320 2LO α-Fe2O3 

501 A1g α-Fe2O3    

 

The recorded optical images of polished and oxidized Fe(0) coupons are shown in Figure 2. The 

initial sample has minimal roughness (nm-scale) with small pits and lines which are likely 

polishing artifacts, while the oxidized sample has roughness at the 1 μm scale and irregular surface 

morphology (Figure 2). 
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Figure 2. (a) Raw Fe(0) sample surface, magnification 4000; (b) Oxidized surface, magnification 

4000. 

 
Figure 3. 3D map of the oxidized sample and corresponding depth profile. The surface 

morphology of the oxidized sample appears irregular, with “pits” throughout. There are no 

remnants of lines which were visible on the raw sample. The average roughness of the oxidized 

sample is ~1 μm. 

 

Under an optical microscope, the sample surface appears inhomogeneous, which is in agreement 

with the white light profilometry measurements. To characterize potential spatial variability in the 

oxidized layer structure, we performed Raman mapping (Figure 4). Three “principal spectral 

components” were chosen to construct the composite map with three fundamental vibrational 

modes of hematite (α-Fe2O3): 228 cm-1 (A1g), 414 cm-1 (Eg), and 1320 cm-1 (2LO). There is no 

conclusive Raman evidence of other Fe2O3 phases present. However, the surface roughness leads 

to different surface facets being exposed, thereby requiring an expanded scope for the DFT 

simulations, which now must examine more than one surface type. 
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Figure 4. Raman map of the oxidized Fe(0) coupon; (a) optical image of the surface with 

highlighted area that was used for the Raman map; (b) Raman spectra collected from the 

highlighted area; three selected channels centered at 228 cm-1 (A1g), 414 cm-1 (Eg), and 1320 cm-1 

(2LO); (c) Raman map showing an overlap in intensities of the three selected channels.  

3.2 In situ oxidation of iron metal sample 

To characterize the time-dependent evolution of the α-Fe2O3 film growing on the iron metal 

surface, we placed a polished Fe(0) sample inside a Linkam THMS600 stage at room temperature 

and increased the temperature in 20-30 ℃ increments every 5 minutes to 530 ℃, maintaining that 

temperature for the collection of Raman spectra using an XploRA Plus Raman microscope 

(HORIBA Scientific) with a cooled CCD detector (Jobin Yvon’s Synapse camera). The resulting 

spectra are shown in Figure 5 and show the onset of oxide film growth at 220 ℃. We observed 

that the A1g, Eg, and 1LO peaks in the freshly grown film are shifted to lower wavenumber values 

at the elevated temperature: 218 cm-1 (A1g), 283 cm-1 (Eg), and 657 cm-1(1LO). Potentially 

interesting dynamics in the development of Raman peaks: the peak at 657 cm-1 first appeared at 

220 ℃, then reached its maximum at 270 ℃, and started decreasing in intensity with further 

increase in temperature. The peaks at 218 and 283 cm-1 started appearing at 250 ℃ and reached 

maximum intensity at the end of the heating cycle.   
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Figure 5. Raman spectra collected every 5 minutes during heating and oxidation of Fe(0) 

coupon.  

 

3.3 Electron Backscatter Diffraction  Analysis 
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Figure 6. (a) EBSD IPF-Z for a Fe2O3 Coupon, (b) IPF legend for the EBSD map on this 

hexagonal crystal system 

 

Fig. 6a depicts the EBSD results, showing the existence of (0001) and (10-10) facets on an -

Fe2O3 surface grown on iron samples at 650 oC.  The top surface, as measured by EBSD, indexed 

to Fe2O3 hematite, confirming this as the outer oxide layer.   The Inverse Pole Figure (IPF) color 

map in the Z-direction is shown in Figure .  The dark areas are regions which were not indexed, 

most likely due to the small grain size.  The larger grains observed by SEM on this sample were a 

few hundred nanometers in size.  Both basal planes, shown in red and the prism planes seen in 

green and blue were observed oriented in the z-direction.  We find no evidence of other iron oxide 

phases. 

 

However, unlike the Raman analysis, Grazing Incidence X-Ray Diffraction (GI-XRD) (Fig. 7) 

confirmed the presence of both Fe2O3 hematite and a thicker Fe3O4 magnetite layer on the oxidized 

Fe coupon.  There are at least two reasons for the apparent discrepancy.  First, we note that the 

sample used for EBSD and X-ray analysis is distinct from those used for Raman studies (Figs. 1-

5); the temperature was raised from room temperature to 650 oC at 10 oC/minute and held at 650 
oC for at least 10 minutes.  Second, the EBSD information depth is usually quoted as about 40 nm, 

while X-ray likely exhibits a larger penetration depth even in grazing incidence mode.  We expect 

the more highly oxidized hematite phase to be closest to the surface (the most stable in oxygen 

environments), while Fe3O4 would be expected to form in more oxygen-deficient subsurface 

regions [22,23], and would be less important for the purpose of water desorption studies. 
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Figure 7. GI-XRD analysis shows three phases:  Fe from the substrate, Fe3O4 (Magnetite) as the 

dominant oxide phase, and Fe2O3 (Hematite) as an additional oxide phase. 

 
 

 

3.3 DFT Results 

 

We consider both ground state BCC -iron and FCC iron because austenitic steel has the FCC 

lattice structure.  H is more stable in the tetrahedral site than the octahedral site in BCC iron 

[42,43], and is more stable in the octahedral site in FCC Fe. Using our DFT protocol and the PBE 

functional, the binding energies of an H atom in these iron structures are 1.99 eV and 2.37 eV, 

respectively.  Using the same PBE functional, the H2 molecule binding energy is 2.23 eV.  At T=0 

K, H insertion into BCC Fe is unfavorable by 0.24 eV and favorable in FCC Fe by 0.15 eV.  Zero-

point energies have not accounted for in these calculations. At finite temperature (both in ambient 

atmosphere and under high vacuum conditions) H2 gas concentration is low, which creates a large 

entropic driving force for H2 degassing.  Experimentally, the hydrogen solubility in various types 

of steel is on the order of 100 parts per million by weight, which is in qualitative agreement with 

the above energy estimates [15].  We will use both 1.99 eV and 2.37 eV as references for H atom 

migration into the oxide.   

 

Inserting an H atom inside a simulation cell that mimics the interior of -Fe2O3 film and optimizing 

the configuration yields +0.15 eV relative to an H2 molecule, indicating that it is unfavorable 
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compared with H inside FCC Fe and favorable compared with H inside BCC. However, zero-point 

energies (ZPE) have not been accounted for.  If we include ZPE=0.5 eV for forming an O-H bond 

in oxides, and ZPE=0.3 eV in iron metal [43], H insertion from Fe into -Fe2O3 becomes 

endothermic for both BCC and FCC Fe. In either case, the energy difference between H inside 

metal and oxide is not large, suggesting that the oxide represents a small thermodynamic hydrogen 

barrier that can be surmounted even at room temperature as H moves towards the surface.  

Magnetic moment analysis of Fe2O3 simulation cell with a H atom inserted reveals that a Fe(III) 

is converted to a Fe(II), suggesting that H+ is formed.  During H diffusion in the oxide, the proton 

motion would be accompanied by electron polaronic motion.  

 

  
Fig. 8a.  Hydroxylated Fe2O3 (10-

10) surface.  Pink, red, and white 

spheres depict Fe, O, and H 

atoms.  The blue spheres are O on 

which an extra H atom is added, 

one at a time. 

Fig. 8b.  Predicted desorption 

profiles associated with E=0.78 

eV (blue), 0.96 eV (red), and 1.15 

eV (green), respectively. 

 

On the (0001) oxide surface, the formation of H2O after adding an H atom is equivalent to adding 

a H2O to an O vacancy on that surface.  The release of such an H2O molecule has been predicted 

to cost more than 1.3 eV [14], and this should be associated with a desorption time scale too slow 

for Z-applications. Instead, we focus on the hydroxylated (10-10) surface, which contains bridging 

Fe-(OH)-Fe surface groups [guo2011].   Fig. 8a indicates three surface OH groups on which we 

add a H atom to mimic H diffusion to the surface, one atom at a time.  The energy changes 

referenced to H inside FCC Fe metal are -0.23 eV, -0.72 eV, and -0.96 eV, respectively.  Although 

there is substantial heterogeneity, the formation of “H2O” via H atom addition is favorable in all 

cases.   The removal of these water molecules to vacuum costs +0.78 eV, +0.96 eV, and +1.15 eV, 

respectively, after accounting for H2O energy in vacuum. The cost is significantly less than that 

on the more stable (0001) surface.  We also consider adding two H simultaneously, to two surface 

OH groups which share a common Fe(III) ion, to investigate whether H will preferentially adsorb 

on to all possible surface sites before any H2O comes off.  The energy is unfavorable in this case, 

suggesting that H atoms diffusing from the metal to the surface preferentially land on spatially 

segregated bridging OH groups.  

 

Next we apply the desorption equation in Ref. [10] to calculate the desorption profile associated 

with the (10-10) facet.  The three water desorption energies computed on the (10-10) surface are 

adopted as desorption barriers. The kinetic prefactor, kinetic order (one), and temperature 

dependence of the desorption barrier are taken from Ref. [10]; the cooperative factors are set to 

zero since water on this surface are found to be segregated from each other; in other words, the 

desorption energies do not depend on water coverage.   The results are depicted in Fig. 8b. Each 
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curve assumes a population of water with the same desorption activation energy.   A temperature 

(T) ramp is applied such that within 250 ns, T rises from 300 to 1300 K [4,10].  The half-way point 

of water desorption is found to occur at 80 ns, 112 ns, and 146 ns at the three sites with ascending 

binding energies (0.78 eV, 0.96 eV, and 1.15 eV) respectively.  The instantaneous temperatures at 

those half-width points are 618 K, 746 K, and 882 K, respectively.  These values suggest that 

desorption of water on the (10-10) surface occurs well within 250 ns Z-shots, and can generate 

plasma at varying times in the shot.  

 

As water desorbs, O and H are depleted and the Fe(II) content increase  at the oxide surface.  OH 

groups can however be replenished via hydrogen diffusion from the metal interior.  In that sense, 

the desorption activation energies may continue to change as the Z-shot proceeds, and the kinetic 

order may deviate from unity as time goes on.  This complex kinetics will be considered in future 

studies. 
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4. CONCLUSIONS 

We synthesized iron oxide films on iron metal surfaces. The experimental analyses of these films 

show that -Fe2O3 is the dominant oxide phase on the sample and that the surface facets exposed 

are (0001) and (10-10).  DFT calculations of the binding energy of hydrogen on an FCC iron 

surface, referenced against the binding energy in Fe interior, suggest that the hydrogen prefers to 

migrate to the surface and remain bound to the (10-10) surface, forming new H2O molecules. The 

predicted water desorption energies, fitted to a Temkin-like rate expression, permit water 

desorption within Z-machine operating conditions and time scales of pulses.  On the other hand, 

water desorption from the (0001) surface associated with water created from this H-reaction route 

is predicted to be slower.  In summary, this report provides a preliminary validation of our 

hypothesis that hydrogen inside iron domains in steel can react with the surface iron oxide, 

resulting in formation of water molecules which desorb within Z-machine operating conditions.  

Further computational work will be conducted to complete this analysis, which will potentially 

lead to a peer-reviewed publication. 
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