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Abstract 16 

Using in-situ synchrotron X-ray diffraction, we interrogate the microstructural and 17 

phase evolution of polycrystalline nickel (Ni) during redox cycling in O2, H2, and H2O 18 

environments. Oxidation in O2 promotes strong (111) texturing in both the NiO overlayer 19 

and the underlying Ni substrate. However, this crystallographic alignment is lost following 20 

reduction in H2 and subsequent re-oxidation, demonstrating irreversible microstructural 21 

changes. H2 exposure leads to proton dissolution into the Ni lattice, triggering a localized 22 

phase transition from face-centered cubic (FCC) to hexagonal close-packed (HCP) Ni in 23 

hydrogen-saturated regions. In H2O-containing atmospheres, dissociative H2O 24 

adsorption produces protons that permeate the NiO layer, forming NiOOH within the NiO 25 

lattice and HCP Ni beneath the NiO overlayer as protons accumulate. Kinetic analysis via 26 

the Johnson-Mehl-Avrami-Kolmogorov model uncovers distinct growth mechanisms: pre-27 

oxidized Ni surfaces follow one-dimensional (1D) kinetics for NiO, NiOOH, and HCP 28 

growth, whereas pristine Ni exhibits three-dimensional (3D) kinetics due to island-like 29 

nucleation and growth of NiO. These results highlight the critical interplay between H2O 30 

dissociation, hydrogen permeation, and redox-driven phase transformations, with 31 

practical implications in engineering nickel-based catalysts and hydrogen storage 32 

systems through controlled microstructural and phase evolution. 33 

 34 

 35 

Introduction 36 

The redox properties of nickel (Ni) underpin its pivotal role in corrosion science, 37 

catalysis, and emerging energy technologies. Renowned for its high catalytic activity, Ni 38 

serves as a cost-effective alternative to precious metals such as Au, Pt and Pd in driving 39 

reactions that convert greenhouse gasses into value-added products and fuels1–5. 40 

Beyond catalysis, Ni’s versatility extends to energy storage6–9, where its unique capacity 41 

to reversibly absorb atomic hydrogen (H) into its crystal lattice positions it as a promising 42 

candidate for solid-state H storage. This capability enables H to occupy interstitial sites 43 

or form metastable hydrides (Ni-H), bypassing the energy penalties of conventional 44 

compression or liquefaction methods. Ni further excels as a critical component in heat- 45 

and corrosion-resistant alloys (e.g., Ni-Fe, Ni-Al, Ni-Cr), which are indispensable for 46 
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ensuring long-term structural integrity in harsh environments—from fossil fuel processing 47 

to renewable energy systems10–14.  Critically, Ni’s redox dynamics dictate its performance 48 

in these roles: gas-solid reactions at its surface propagate into the bulk at elevated 49 

temperatures, altering mechanical and chemical properties.  50 

However, a critical knowledge gap persists in understanding how the structure and 51 

phase evolution of Ni respond to dynamic, mixed environments involving O2, H2, H2O 52 

vapor, and their synergistic interactions. While studies have elucidated the behavior of Ni 53 

under isolated oxidizing (O2) or reducing conditions, real-world applications, such as 54 

catalytic reactors, H2 storage systems, and industrial corrosion environments, often 55 

involve fluctuating gas mixtures15–19. For instance, the coexistence of H2O and O2 during 56 

steam reforming or alloy degradation introduces competing redox pathways that remain 57 

poorly resolved20–22. Current models fail to capture the transient microstructural 58 

transformations under such complex conditions. This gap limits the ability to predict Ni’s 59 

stability, hydrogen storage capacity, or catalytic efficiency in realistic operating scenarios. 60 

Bridging this gap requires advanced in-situ techniques to map redox-driven phase 61 

transitions in real time and quantify the interplay between environmental compositions, 62 

defect dynamics, and reaction kinetics. 63 

This study systematically probes the oxidation and reduction behavior of 64 

polycrystalline Ni under distinct atmospheric conditions: dry O₂, H2, and O2+H₂O vapor. 65 

Using in-situ synchrotron X-ray diffraction, we first characterize the evolution of texture in 66 

NiO films formed during the oxidation of Ni foil at 650 °C in O₂, and the subsequent H₂-67 

induced reduction of NiO to metallic Ni. The re-oxidation of this reduced Ni in O₂ reveals 68 

a loss of prior crystallographic alignment, highlighting irreversible microstructural changes 69 

during redox cycling. Parallel experiments investigate the phase dynamics of Ni foils 70 

oxidized in H₂O-rich environments, where dissociative H2O adsorption introduces protons 71 

into the lattice, fostering metastable Ni hydride and hydroxide phases. By contrasting the 72 

structural evolution in O₂ and H₂O, this work demonstrates how environmental 73 

composition governs oxide texturing, hydrogen permeation, and phase transformation 74 

dynamics—critical insights for designing Ni-based systems in catalytic water splitting and 75 

hydrogen storage applications. 76 

 77 
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Results  78 

Reduction of oxidized Ni in H2 and re-oxidation in O2 79 

The XRD patterns obtained from the pristine poly-Ni foil (Fig. 1(a)) reveal a single 80 

ring at 19.76° corresponding to the FCC-Ni(111) peak (PDF# 04-0850) with no additional 81 

rings or spots being visible within the monitored 2θ region. The presence of a ring instead 82 

of a sharp spot is indicative of the polycrystalline nature of the Ni foil utilized for studies. 83 

XRD patterns obtained post-oxidation in a furnace, in air, at 500 °C for 3 h (Fig. 1(b)) 84 

show three distinct rings. These rings occurred at 2θ = 16.65°, 19.23°, and 19.75° 85 

corresponding to the NiO(111), NiO(200) and FCC-Ni(111) peaks (NiO PDF# 47-1049), 86 

respectively. The intensity of the NiO(111) peak is significantly stronger than that of the 87 

NiO(200) peak, with a (111)/(200) intensity ratio of ~5.3 (Fig. 1(b)). This indicates that the 88 

oxide layer formed during oxidation in air exhibits a strong (111) texture, with the oxide 89 

grains preferentially oriented along the [111] direction. This texture deviates from the 90 

powder XRD pattern, which would show a stronger NiO(200) peak, with a (111)/(200) 91 

intensity ratio of around 0.6 for randomly oriented NiO grains (NiO PDF# 47-1049)23,24. 92 

This preferential grain growth along the NiO[111] direction is further evidenced by the 93 

change in the Ni(111) diffraction ring before and after oxidation. In the unoxidized Ni foil, 94 

a continuous (111) diffraction ring is observed (Fig. 1(a)), indicative of polycrystalline Ni 95 

with random grain orientations. However, after oxidation, the continuous Ni(111) ring 96 

breaks into discrete, sharp diffraction spots and arcs (Fig. 1(b)), reflecting substantial 97 

microstructural changes in the metallic Ni foil. 98 
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 99 

Fig. 1: XRD patterns of (a) unoxidized polycrystalline Ni foil, (b) Ni foil after furnace 100 
oxidation at 500 °C in air for 3 h, (c) Ni foil after reduction of the NiO layer in (b) at 650 °C 101 
in 0.5 Torr Ar-7%H2 for 12 h, (d) subsequent oxidation of the reduced Ni in (c) at 650 °C 102 
in 0.5 Torr O2 for 4 h. The bottom panels in (a-d) display line profiles across the respective 103 
ring patterns, showing the diffraction intensity as a function of the Bragg angle.  104 
 105 

The furnace-oxidized sample, shown in Fig. 1(b), is first reduced in H2, then re-106 

oxidized in O2 within the environmental chamber at the beamline, allowing for in-situ XRD 107 
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monitoring of the redox-induced structural and phase evolution. Fig. 1(c) presents an XRD 108 

pattern obtained after reducing the furnace-oxidized Ni foil at 650 °C in a 0.5 Torr Ar-109 

7%H2 mixture for 12 h. Detailed XRD data from the reduction process are provided later 110 

in Fig. 2. The pattern indicates that the NiO(111) peak has largely disappeared, while the 111 

Ni(111) ring has re-formed into a continuous ring with more uniform intensity along its 112 

circumference, although two short arcs with stronger intensity remain visible. This 113 

recovery of the continuous Ni(111) ring indicates that the (111)-textured NiO overlayer is 114 

reduced into polycrystalline Ni. Fig. 1(d) shows the XRD obtained after re-oxidizing the 115 

reduced Ni at 650 °C in 0.5 Torr O2 for 3 h. The newly formed NiO phase exhibits a higher 116 

intensity for NiO(200) ring compared the NiO(111) ring, with a (111)/(200) intensity ratio 117 

of ~0.7, which is close to the value of 0.6 for randomly oriented NiO grains23,24, indicating 118 

that the re-oxidation of the reduced Ni leads to the formation of more randomly oriented 119 

NiO. This formation of randomly oriented NiO grains is further supported by the intensity 120 

evolution of the Ni(111) ring, shown in Fig. 1(d). Here, the Ni(111) ring exhibits a more 121 

uniform intensity reduction along its circumference compared to the oxidation of the fresh 122 

Ni foil, which shows a more localized intensity decrease due to the formation of a [111]-123 

textured NiO film (Fig. 1(b)). 124 

Fig. 2 shows the time-resolved XRD patterns monitoring the reduction process of 125 

the NiO overlayer (formed from the furnace oxidation shown in Figs. 1(a, b)) at 650 °C in 126 

0.5 Torr Ar-7%H2. As shown in Fig. 2(a), reduction in H2 leads to the appearance of a 127 

new arc at 2θ = 18.67°, corresponding to the (002) spacing of the hexagonal close packed 128 

(HCP) Ni phase (PDF# 45-1027). The formation of the HCP-Ni phase is intriguing and 129 

can be attributed to the incorporation of atomic H into the underlying FCC-Ni lattice, as 130 

supported from our density functional theory (DFT) modeling discussed later.  131 
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 132 
Fig. 2: Time-resolved XRD patterns obtained during the reduction of NiO (produced by 133 
furnace oxidation) at 650 °C in 0.5 Torr Ar-7%H2.  (a) 0 min, (b) 52 min, (c) 300 min, and 134 
(d) 450 min. The bottom panels in (a-d) display line profiles across the respective ring 135 
patterns, showing the diffraction intensity as a function of the Bragg angle.  (e) Intensity 136 
evolution of the NiO(111) and NiO(200) rings over time during the reduction process with 137 
the dashed line highlighting a moment in time when the sample position is changed, 138 
leading to an artificial spike in intensity, and the disappearance of the HCP-Ni(002) arc 139 
visible in (a).   140 
 141 

However, it is important to note that the presence of the HCP-Ni phase is highly 142 

localized. This is evident by the short arc of the HCP-Ni(002) diffraction ring, which 143 

completely disappears when the sample is slightly shifted relative to the X-ray beam, thus 144 

probing a different area of the sample. As shown in Fig. 2(b), this small shift in sample 145 

position results in a slight increase in intensity of both the NiO(111) and NiO(200) rings 146 

(Fig. 2(e)), while the HCP-Ni(002) ring vanishes entirely. The increase in intensity of the 147 
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NiO peaks can be attributed to the X-ray beam irradiation effect, where the initial sample 148 

position, having been subjected to more X-ray irradiation, undergoes further reduction of 149 

the oxide. In contrast, the new sample location, with less X-ray exposure, experiences 150 

less reduction, leading to a slightly increased intensity of the NiO(111) and NiO(200) rings 151 

(Fig. 2(e)). This behavior is consistent with other studies indicating that high-energy X-152 

rays can enhance the chemical activity of gas molecules25,26. Over the course of 450 min 153 

at 650 °C in the H2+Ar mixture, the oxide undergoes significant reduction, with the 154 

NiO(200) ring almost completely losing its intensity, while the NiO(111) ring retains only 155 

a faint intensity (Figs. 2(c, d)). Fig. 2(e) shows the intensity evolution of the NiO(200) and 156 

NiO(111) peaks, displaying an initially rapid reduction rate, which then approaches a 157 

saturated stage.  158 

 159 

Oxidation under low H2O vapor content 160 

The influence of water vapor on the oxidation process is examined by oxidizing a 161 

fresh polycrystalline Ni foil sample at 650 °C under two conditions with varying H2O vapor 162 

content. Fig. 3 presents the time-sequence XRD patterns obtained during oxidation under 163 

a low H2O content condition, with an H2O/O2 pressure ratio of 1:100,000 in a 5.0´10-6 164 

Torr H2O + 0.5 Torr O2 mixture. As shown in Fig. 3(a), the as-loaded Ni foil has a thin 165 

layer of native NiO layer, as indicated by the weak diffraction rings for NiO(111) and 166 

NiO(200). In Figs. 3(b-d), oxidation under the lower H2O content results in the appearance 167 

of additional peaks, beyond those corresponding to NiO and FCC-Ni. These new peaks, 168 

observed at 2θ = 17.53°, 18.11°, 18.67°, and 20.09°, correspond to the HCP-Ni(010), γ-169 

NiOOH(104), HCP-Ni(002), and HCP-Ni(011), respectively. The d-spacings associated 170 

with these phases—HCP-Ni and γ-NiOOH—are consistent with those reported in the 171 

literature27. Fig. 3(e) shows the intensity evolution of these peaks, demonstrating an 172 

initially rapid oxide growth rate, which then slows down and reaches a saturation stage of 173 

the oxidation process.  174 
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 175 

Fig. 3: Time-sequence XRD patterns obtained during the oxidation of a polycrystalline Ni 176 
foil at 650 °C in a 5.0´10-6 Torr H2O + 0.5 Torr O2 mixture. (a) As-loaded Ni foil, showing 177 
the presence of diffraction peaks from a native NiO layer; (b) After 100 min of oxidation; 178 
(c) After 200 min, revealing the emergence of new diffraction rings corresponding to HCP-179 
Ni and γ-NiOOH, in addition to the existing NiO and FCC-Ni rings; (d) After 328 min of 180 
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oxidation; (e) Time-dependent plot of ring intensities, showing the relative intensities of 181 
the labeled diffraction rings. The absence of diffraction intensity during the time periods 182 
from ~70 min to ~100 min and from ~210 min to ~310 min is due to the loss of the X-ray 183 
beam during the oxidation. The bottom panels in (a-d) display line profiles across the 184 
respective ring patterns, showing the diffraction intensity as a function of the Bragg angle. 185 
(f-i) Evolution of the normalized peak intensity of NiO(111), NiO(200), HCP Ni(010), and 186 
NiOOH(104) as a function of oxidation time, and corresponding fits (in red) to the JMAK 187 
equation, with the extracted Avrami constant n and rate constant k. (j) Schematic 188 
illustration of 1D growth of NiO, NiOOH and HCP-Ni during the oxidation of a Ni surface 189 
initially covered by a pre-existing native NiO layer. 190 
 191 

The kinetics of the oxidation process, shown in Fig. 3(e), are evaluated by fitting 192 

the experimental data to the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, "($) =193 

1 − exp(−,$ )28,29. As shown in Figs. 3(f, g), the JMAK fitting yields an Avrami exponent 194 

n » 1 for both the NiO(111) and NiO(200) peaks, indicating a 1D oxide growth mechanism. 195 

This behavior arises because the Ni surface is pre-covered with an oxide layer, 196 

eliminating the need for additional nucleation events. Instead, oxidation proceeds 197 

primarily along the thickness (out-of-plane) direction, rather than laterally (in-plane), as 198 

depicted in the schematic in Fig. 3(j). Lateral oxide growth is restricted as adjacent oxide 199 

grains physically constrain one another, forcing vertical growth. The consistency of the 200 

rate-constant k values for both the NiO(111) and (200) peaks—within the experimental 201 

uncertainty—further supports the vertical oxide growth mechanism, driven by the pre-202 

existing oxide layer. 203 

The Avrami exponent extracted from the NiOOH peak is also close to 1, consistent 204 

with 1D vertical growth. Since the NiOOH formation occurs via the direct transformation 205 

of the existing NiO lattice, driven by the inward dissolution of H from dissociative 206 

adsorption of H2O molecules at the surface, the near-unity Avrami exponent suggests 207 

that nucleation is saturated at the onset of the transformation, with growth being primarily 208 

driven by unidirectional H diffusion. In contrast, the Avrami exponent derived from the 209 

HCP-Ni peak is n < 1 (Fig. 3(h)), indicative of diffusion-limited kinetics. In this case, the 210 

long-distance inward diffusion of H through the NiO layer to reach the Ni substrate creates 211 

a kinetic bottleneck that restricts the nucleation and growth of the HCP-Ni within the Ni 212 

lattice. While the rate constants k for HCP Ni and NiOOH appear higher than those for 213 

NiO(111) and NiO(200), their reliability is limited due to lower R2 value, stemming from 214 
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the noisier signals of these weak peaks (Fig. 3(h, i)). To better compare the transformation 215 

rate, we instead evaluate the time to 50% conversion (t50) for each phase: NiO(111) ~ 50 216 

min, NiO(200) ~ 58 min, NiOOH(104) ~ 59 min, and HCP Ni(010) ~ 70 min. The extended 217 

t50 for HCP Ni reflects its diffusion-limited nature, as H must permeate the NiO layer to 218 

reach the underlying FCC Ni lattice.  219 

 220 

Oxidation under high H2O vapor content 221 

Fig. 4 presents the in-situ XRD patterns obtained during oxidation of a pristine Ni 222 

foil with a negligible amount of native surface oxide, as indicated by the absence of visible 223 

NiO peaks in Fig. 4(a). The oxidation is conducted at 650 °C under a higher water vapor 224 

content, with an H2O/O2 pressure ratio of 1:100 in a 5.0´10-3 Torr H2O + 0.5 Torr O2 225 

mixture. Fig. 4(b) illustrates the XRD pattern after 110 min of oxidation, showing the 226 

presence of strong and sharp NiO(111) and NiO(200) rings with no additional diffraction 227 

peaks associated with other phases. After 260 min of oxidation, as shown in Fig. 4(c), 228 

diffraction rings corresponding to HCP-Ni(010), γ-NiOOH(104), HCP-Ni(002), and HCP-229 

Ni(011) become visible, indicating the significant presence of atomic H in both the NiO 230 

lattice and Ni substrate. This leads to the formation of NiOOH and HCP Ni, similar to the 231 

phases observed in Fig. 3. However, despite the higher H2O vapor content in this case, 232 

it takes a much longer time (~300 min) to form these H-dissolution-induced phases 233 

compared to the oxidation (~100 min) under low H2O content shown in Fig. 3.  234 
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 235 

Fig. 4: Time-sequence XRD patterns obtained during the oxidation of a pristine 236 
polycrystalline Ni foil at 650 °C in a 5.0´10-3 Torr H2O + 0.5 Torr O2 mixture. (a) As-loaded 237 
Ni foil, showing the absence of NiO peaks; (b-d) XRD patterns after 110 min, 260 min, 238 
and 460 min of oxidation, respectively. The bottom panels in (a-d) display line profiles 239 
across the respective ring patterns, showing diffraction intensity as a function of the Bragg 240 
angle. (e) Plot of ring intensities as a function of oxidation time, showing the relative 241 
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intensities of the labeled diffraction rings. (f-i) Evolution of the normalized peak intensities 242 
of NiO(111), NiO(200), HCP Ni(002), and NiOOH(104) as a function of oxidation time, 243 
and corresponding fits (in red) to the JMAK equation, with the extracted Avrami constant 244 
n and rate constant k. (j) Schematic illustration of the nucleation and growth of 3D NiO 245 
islands along with resulting 3D growth of NiOOH and HCP Ni during the oxidation of a 246 
pristine Ni surface.  247 
 248 

The oxidation of the pristine Ni surface results in the formation of a more well-249 

developed, less defective NiO oxide layer, as evidenced by the sharp NiO(111) and 250 

NiO(200) rings shown in Figs. 4(b). The reduced defect density in the oxide layer makes 251 

it less reactive toward dissociative adsorption of H2O molecules, which in turn delays the 252 

formation of the H-dissolution-induced phases. This observation is consistent with our 253 

DFT modeling, shown later in Fig. 7 which demonstrates that the presence of atomic 254 

defects (i.e., O and Ni vacancies) on the NiO(100) surface can significantly enhance the 255 

dissociative adsorption of H2O molecules. This process leads to the generation of OH and 256 

H on the surface, where OH can further decompose into O and H. The resulting H can 257 

easily penetrate the NiO lattice, overcoming only small energy barriers of ~0.35 eV 30,31.  258 

The presence of a hydroxylated surface at 650 °C is unexpected, as previous 259 

studies have shown that Ni hydroxides and hydrides typically lose thermal stability and 260 

decompose at temperatures above approximately 300 °C32. However, in the present 261 

study, the in-situ nature of the experiment reveals that the continued dissociative 262 

adsorption of H2O not only dynamically replenishes the Ni hydroxide and hydride that are 263 

thermally degrading but also promotes their further growth. This is evidenced by the 264 

increasing intensity of the γ-NiOOH and HCP-Ni peaks over time, as shown in Fig. 4(e). 265 

XRD results obtained from oxidation in 5.0´10-3 Torr H2O + 0.5 Torr O2 at 650 °C for 460 266 

min (Fig. 4(d)) show the peaks associated with the FCC-Ni, NiO, HCP-Ni and γ-NiOOH 267 

phases, similar to those observed with the oxidation under the lower H2O content (Fig. 268 

3(d)). In addition to those commonly observed peaks, two new peaks at 2θ = 17.30  and 269 

21.11  (with corresponding d-spacings of 2.34 Å and 1.92 Å, respectively) appear after 270 

oxidation with the higher H2O content (Fig. 4(b-d)). These additional peaks do not match 271 

any known phases of NiO or any other hydroxylated forms of NiO or hydride structures. 272 

Therefore, they are believed to arise from the long-range ordering of atomic vacancies in 273 

the bulk, a phenomenon observed in other studies of different materials33–35.  274 
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Based on the measured d-spacing values, it can be postulated that the vacancies 275 

are ordered along the NiO(331) planes, as the second-order diffraction ring of these 276 

planes would theoretically occur at 2θ ~21 , which closely matches the experimentally 277 

observed ring at 2θ =21.1  (Fig. 4(c-d)). Similarly, the ring observed at 2θ = 17.30  278 

corresponds to the third order of the NiO(440) lattice planes, suggesting that the ring 279 

arises from the ordering of vacancies within the (440) planes. This observation is in line 280 

with other experimental and modeling studies showing that H2O vapor can promote the 281 

formation of atomic vacancies during high-temperature oxidation of Ni-Cr and Ni-Al 282 

alloys31,36.  283 

Furthermore, JMAK fits on the experimental data reveals distinct oxidation kinetics 284 

between the pristine Ni surface (Fig. 4(f-i)) and the Ni surface pre-covered with a native 285 

oxide layer (Fig. 3(f-i)). The rate constants determined extracted from the fits indicate that 286 

the NiO(111) exhibits the highest growth rate, followed by NiO(200), NiOOH(104), and 287 

Ni-HCP(002), which forms at the slowest pace. This aligns with expectations, as the HCP 288 

Ni formation requires H to first permeate through the NiO layer before accumulating in the 289 

underlying Ni metal and inducing the FCC-to-HCP phase transition. The Avrami constant 290 

for all three phases is close to 3, suggesting a three-dimensional (3D) growth mechanism, 291 

as schematically illustrated in Fig. 4(j). The 3D growth of the NiO phase is expected due 292 

to the nucleation and expansion of  NiO islands, which dominate the initial oxidation 293 

stages of Ni-rich alloys and other metals37–45. The pristine Ni surface allows these NiO 294 

islands to expand freely in three dimensions without being constrained by adjacent oxide 295 

regions. Simultaneously, the Ni-HCP phase also undergoes 3D growth, driven by H 296 

diffusion through the NiO islands. This process facilitates the localized FCC-to-HCP 297 

transformation beneath the NiO islands, leading to the 3D propagation of the HCP Ni 298 

phase within the Ni substrate. As the NiO islands develop a 3D morphology, the NiOOH 299 

also adopts a 3D growth pattern, converting the outer layer of the NiO islands into NiOOH. 300 

These results highlight the critical role of the initial Ni surface condition in dictating the   301 

dimensionality of oxide growth and H dissolution-induced phase transformations during 302 

oxidation in water-vapor-rich environments. 303 

This difference in the oxidation behavior of Ni under high and low H2O vapor 304 

content is further corroborated by comparing the intensity of diffraction peaks 305 
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corresponding to HCP-Ni and γ-NiOOH observed in Figs. 3 and 4. Specifically, the 306 

intensity of these proton-dissolution induced phases increases with higher H2O content 307 

in the O2+H2O mixture. This observation reinforces the hypothesis that the formation of 308 

the HCP-Ni and γ-NiOOH phases during oxidation in a H2O+O2 environment is directly 309 

related to the amount of H2O vapor present. As the H2O vapor pressure increases, the 310 

formation of HCP-Ni and γ-NiOOH phases become more pronounced. Concurrently, in 311 

experiments involving the oxidation of Ni under both high and low H2O vapor conditions, 312 

the NiO(111) peak consistently exhibits higher intensity compared to the NiO(200) peak, 313 

indicating the presence of a textured NiO phase. This [111] texture is similar to that 314 

observed during the oxidation of polycrystalline Ni in O2 (Fig. 1(b)), highlighting the role 315 

of (111) epitaxy in reducing the NiO/Ni interface energy. This reduction in interface energy 316 

favors the formation of NiO with the (111) texture. 317 

Using the Reference Intensity Ratio (RIR) method with values from literature and 318 

powder diffraction files27, the NiOOH phase is estimated to represent ~35% of the volume 319 

of the NiO phase, suggesting the formation of a relatively thick hydroxide-rich layer during 320 

oxidation in humid environments. Similarly, the HCP Ni phase is estimated to constitute 321 

~17% of the NiO volume, indicating that a notable fraction of FCC-Ni is converted to HCP-322 

Ni at the NiO/Ni interface due to H incorporation. These volumetric estimates should be 323 

interpreted with caution, as the RIR method is subjected to significant uncertainties. 324 

Factors such as variations in crystallinity, texture, and differences in experimental 325 

conditions compared to those used to derive the RIR values can all introduce error into 326 

the phase quantification46,47. Nonetheless, the in-situ XRD detection of HCP-Ni under O₂ 327 

+ H₂O conditions is consistent with prior transmission electron microscopy (TEM) studies 328 

of NiAl oxidation in water vapor48, where HCP Ni formation was attributed to H uptake 329 

and stabilization under proton-rich, oxidizing environments. To more precisely resolve the 330 

spatial distribution and depth profiles of the NiOOH, HCP-Ni and NiO phases, future 331 

studies incorporating surface-sensitive or cross-sectional techniques—such as 332 

sputtering-based X-ray photoelectron spectroscopy (XPS) or TEM—would be highly 333 

valuable. 334 

 335 

Ex-situ Furnace Oxidation 336 
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A top-down SEM image of a representative polycrystalline Ni foil (Fig. 5(a)) used 337 

in the XRD experiments reveals an average grain size of ~14.4 µm, determined using the 338 

intercept method. To better understand the oxidation process and quantify oxide 339 

thickness, a complementary set of ex-situ experiments is performed. Oxidation in air at 340 

500 °C for 3 h (matching the condition in Fig. 1(b)) produces a thin NiO layer of ~0.28 µm 341 

(Fig. 5(b)). The oxide surface shows a high density of fine grains, attributed to the high 342 

O2 partial pressure, which promotes dense nucleation of oxide islands49–51. Subsequent 343 

reduction in 4% H₂/Ar at 650 °C for 3 h (corresponding to Fig. 1(c)) completely removes 344 

the oxide layer, leaving behind a roughened surface morphology (Fig. 5(c)). Reoxidation 345 

of the reduced sample in 4 Torr O₂ at 650 °C for 2 h produces a significantly thicker NiO 346 

layer (~0.54 µm, Fig. 5(d)). Despite the lower O₂ pressure and shorter exposure time 347 

compared to the air oxidation, the higher oxidation temperature enhances diffusion 348 

kinetics, resulting in more rapid oxide growth. 349 

 350 

Fig. 5: Representative SEM images of FIB-prepared cross-sections of Ni foils subjected 351 
to various oxidation and reduction conditions, revealing the internal microstructure and 352 
oxide layer thickness. A protective Pt layer was deposited on the surface before FIB 353 
milling. (a) Top-down SEM image of a representative polycrystalline Ni foil used in the 354 
experiments, showing the surface morphology and grain structure prior to oxidation. (b) 355 
Cross-sectional SEM image showing the formation of a thin NiO layer after oxidation in 356 
air at 500 °C for 3 h. The high O2 partial pressure promotes dense nucleation, leading to 357 
fined-grained NiO, as revealed from the surface morphology. (c) Cross-section of the 358 
sample after reduction of the NiO layer shown in (b), carried out at 650 °C in 4 Torr Ar- 359 
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4% H2 gas for 3 h. (d) The same sample in (c) following oxidation in 4 Torr O2 at 650 °C 360 
for 2 h. (e) Cross-sectional image showing the growth of a thick oxide after oxidation of a 361 
clean polycrystalline Ni foil in 4 Torr H2O + O2 at 650 °C for 2 h, revealing the formation 362 
of multiple oxide sublayers. (f) Cross-section revealing the formation of a NiO overlayer 363 
after oxidation of a clean Ni foil in 0.5 Torr O2 at 650 °C for 2 h. 364 
 365 

In a separate experiment, oxidation in a humidified environment (4 Torr H₂O + O₂ 366 

at 650 °C for 2 h, similar to the conditions in Figs. 3 and 4, but at a higher total pressure) 367 

leads to the formation of a multilayered NiO structure with a significantly greater total 368 

thickness of ~1.48 µm (Fig. 5(e)). This pronounced growth is attributed to the catalytic 369 

effect of water vapor, which promotes the formation of proton-related defects and 370 

vacancies, thereby enhancing diffusion through the oxide scale31,52. The rapid oxide 371 

growth in this environment also generates internal stresses that promote buckling and 372 

interfacial delamination, as evidenced by the uneven surface and interrupted interface in 373 

Fig. 5(e). These disruptions expose fresh Ni surfaces, further accelerating oxidation. In 374 

contrast, oxidation in dry O₂ (0.5 Torr at 650 °C for 2 h, corresponding to the condition in 375 

Fig. 1(d), yields a thinner, more compact NiO layer (~0.47 µm, Fig. 5(f)) with reduced 376 

interfacial porosity. The absence of H₂O limits defect generation and suppresses fast 377 

transport, leading to slower, more uniform oxide growth. 378 

 379 

DFT modeling 380 

To gain a better understanding of the proton-induced phase and structure 381 

dynamics during oxidation involving H2O vapor, DFT calculations are performed to 382 

evaluate the energetics of H incorporation into the NiO and Ni lattices. For the intact NiO 383 

lattice, the adsorption energy of H is -0.94 eV, with a diffusion barrier of 0.62 eV (Fig. 384 

6(a)). In contrast, for the NiO lattice containing an O vacancy, H occupies the vacancy 385 

site, with the adsorption energy of -3.22 eV (Fig. 6(b)). This significantly stronger binding 386 

(-3.22 eV vs. -0.94 eV) highlights the critical role of O vacancies in stabilizing H within 387 

NiO and enhancing proton retention. For the FCC Ni lattice, the H adsorption energy is -388 

4.50 eV, with a diffusion barrier of 0.55 eV (Fig. 6(c)). The lower diffusion barrier (0.55 eV 389 

vs. 0.62 eV in intact NiO) and more negative adsorption energy (-4.50 eV vs. -0.94 eV in 390 

intact NiO, and -3.22 eV in O-deficient NiO) in FCC Ni indicate a thermodynamic and 391 

kinetic preference for H to migrate from the NiO overlayer into the underlying Ni substrate. 392 
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This higher diffusion barrier of H in the NiO lattice is also consistent with experimental 393 

observations, where HCP Ni formation is limited by the diffusion of H through the NiO 394 

overlayer into the Ni substrate, as evidenced by the Avrami exponent n < 1 from the JMAK 395 

fitting in Fig. 3. 396 

 397 

Fig. 6: DFT modeling of H-dissolution-induced structure evolution. (a) perfect NiO lattice, 398 
(b) NiO with VO, (c) FCC Ni; (d) HCP Ni. (e-g) Minimum-energy structures with increasing 399 
concentrations of interstitial H in the FCC Ni lattice. The yellow, blue and green balls in 400 
(e-g) represent Ni atoms from the A, B and C layer of the Ni(111) planes, respectively. 401 
 402 

For HCP Ni, the calculated H adsorption energy and diffusion barrier are -3.12 eV 403 

and 0.37 eV respectively (Fig. 6(d)). The adsorption energy in HCP Ni is less negative 404 

than in FCC Ni (-3.12 eV vs. -4.50 eV), indicating weaker H binding in the HCP phase. 405 

Conversely, the lower diffusion barrier in HCP Ni (0.37 eV vs. 0.55 eV in FCC Ni) suggests 406 

enhanced H mobility within the HCP lattice. This difference in H behavior provides 407 

mechanistic insight into the proton-driven FCC ® HCP phase transformation in the Ni 408 

lattice during oxidation in H2O vapor. Progressive H accumulation in the FCC Ni substrate 409 

destabilizes its lattice, driving a structural transition to the HCP phase. While the HCP Ni 410 
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substrate resembles the hexagonal Ni2H phase (PDF#33-0606), our DFT calculations 411 

reveal that Ni2H itself is energetically unstable with spontaneous structural relaxations 412 

leading to the change in its lattice configuration, ruling out its formation. Instead, the 413 

observed phase corresponds to HCP Ni with H occupying octahedral interstitial sites, 414 

stabilized by lattice distortions induced by H incorporation. This distinction aligns with the 415 

absence of stable Ni2H in our experimental diffraction patterns and underscore the critical 416 

role of H diffusion kinetics in mediating phase evolution. 417 

To elucidate the FCC ® HCP Ni phase transformation driven by H incorporation, 418 

we systematically introduce H atoms into the FCC Ni lattice and monitor structural 419 

relaxations. As shown in Fig. 6(e), the FCC Ni lattice has an initial interaxial angle of 420 

90.0°. With the incorporation of 10 H atoms (Fig. 6(f)), the interaxial angle increases to    421 

90.9°. After the incorporation of 16 H atoms (Fig. 6(g)), the angle further increases to 422 

101.6°, approaching the HCP Ni reference value of 103.2° 48,53. The ABC stacking angle 423 

layers in FCC Ni (180°) decreases to 162.5° upon incorporating 16 H atoms (Fig. 6(e-g)), 424 

nearing the HCP Ni ABA stacking angle of 160.5° 48,53. Lastly, the inclusion of 16 H atoms 425 

increases the (111) interplanar spacing of 2.46 Å for FCC Ni to 2.46 Å between AB layers 426 

and 3.65 Å between BC layers (Fig. 6(e-g)). These values align with the interplanar 427 

spacings of 2.49 Å and 3.51 Å in HCP Ni,48,53 reflecting a structural transition toward  HCP 428 

symmetry.  429 

DFT calculations are then used to investigate why hydride phases (NiOOH, HCP 430 

Ni) form more slowly on a well-developed NiO overlayer than on a defective native NiO 431 

film, despite higher H2O vapor exposure (Fig. 4). As shown in Fig. 3(a), the diffuse 432 

NiO(111) and NiO(200) rings indicate a highly defective native oxide, which promotes 433 

dissociative H2O adsorption and enhances atomic H incorporation into the NiO and Ni 434 

substrate, accelerating hydride formation. To understand this behavior, DFT calculations 435 

are performed to evaluate H2O adsorption and dissociation (H +OH) on NiO(100) surfaces 436 

(Fig. 7(a-c)). Molecular H2O adsorbs favorably via its H bonding to surface O. On perfect 437 

NiO(100), H2O adsorbs weakly (-0.22 eV), with a high dissociation barrier (0.91 eV) and 438 

an endothermic reaction (+0.79 eV, Fig. 7(a)). An adjacent O vacancy strengthens 439 

adsorption (-0.45 eV), lowers the dissociation barrier to 0.62 eV, and reduces the 440 



 

20 
 

endothermicity to +0.12 eV (Fig.7(b)). A Ni vacancy has an even stronger effect, reducing 441 

the barrier to 0.21 eV and rendering the reaction slightly exothermic (-0.04 eV, Fig. 7(c)). 442 

 443 
Fig. 7: DFT and nudged elastic band (NEB) modeling of dissociative H2O adsorption on 444 
NiO(100) surfaces. (a-c) H2O adsorption at an O site on the perfect surface, the O site 445 
adjacent to an O vacancy, and the O site adjacent to a Ni vacancy; (d-f) H2O adsorption 446 
at a Ni site on the perfect surface, the Ni site adjacent to an O vacancy, and the Ni site 447 
adjacent to a Ni vacancy. 448 
 449 

Additional DFT calculations reveal that H2O dissociation at Ni sites is also strongly 450 

influenced by nearby vacancies (Figs. 7(d-f)). On perfect NiO(100), the adsorption energy 451 

is -0.38 eV, with a dissociation barrier of 0.43 eV and a system energy increase of +0.35 452 

eV (Fig. 7(d)). With an adjacent O vacancy adjacent, adsorption strengthens (-0.46 eV), 453 

the barrier increases to 0.61 eV, and the reaction becomes less endothermic (+0.19 eV, 454 

Fig. 7(e)). By contrast, a nearby Ni vacancy lowers the barrier significantly to 0.14 eV, 455 

with stronger adsorption (-0.49 eV) and near-thermoneutral dissociation (0.08 eV, Fig. 456 

7(f)). These calculations demonstrate that surface vacancies reduce dissociation barriers 457 

and stabilize H and OH species, shifting H2O dissociation from endothermic toward 458 

thermoneutral or exothermic on defective NiO surfaces. 459 

 460 

Discussion 461 
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While synchrotron radiation can induce radiolysis of water vapor, potentially 462 

producing reactive species that may influence surface reactions54,55, its effect on oxidation 463 

kinetics in our in-situ XRD measurements is considered minimal (Figs. 3, 4). A slight 464 

enhancement in NiO reduction under H2 is observed under X-ray exposure (Fig. 2), but 465 

oxidation at 650 °C is dominated by thermally driven Ni diffusion, as H₂O readily 466 

dissociates on NiO at such high temperatures. This is supported by ex-situ furnace 467 

oxidation without X-ray, which shows thicker NiO scales in O₂ + H₂O than in dry O₂ (Fig. 468 

5). These results, consistent with in-situ data, confirm that the promoting role of H2O in 469 

intrinsic to the oxidation process—not a radiation-induced artifact—and that the observed 470 

kinetics reflect the true oxidation behavior under humid conditions. 471 

The XRD measurements demonstrate that furnace oxidation of polycrystalline Ni 472 

produces a NiO overlayer with pronounced (111) texture and induces (111) alignment in 473 

the underlying Ni substrate (Fig. 1(b)). This NiO(111) texture indicates preferential 474 

oxidation of Ni(111) grains, as (111) epitaxy lowers the NiO/Ni interface energy. While 475 

consistent with prior studies linking oxide texture to substrate orientation56, the strong 476 

(111) texture cannot be solely attributed to epitaxy, given the polycrystalline nature of the 477 

Ni substrate. Local epitaxy may occur over Ni(111) grains, but NiO(111) can also develop 478 

preferentially on non-(111) surfaces56–59 due to its low surface energy and anisotropic 479 

growth kinetics. Concurrently, high-temperature oxidation also drives grain growth and 480 

recrystallization in the remaining unoxidized Ni, resulting in fewer, larger, better-aligned 481 

grains. Together, these processes—orientation-selective oxidation, local epitaxy, 482 

anisotropic growth, and thermal grain coarsening—account for the observed (111) 483 

texturing in both NiO and Ni.  484 

Re-oxidation of the reduced Ni substrate in O2 results in a NiO film with randomly 485 

oriented grains, lacking the original NiO(111) texture (Fig. 1(d)). This loss of texture is 486 

due to structural changes during reduction, which converts the NiO overlayer into fine, 487 

irregular Ni grains60 with a roughened surface (Fig. 5(c)). These fine Ni grains provide 488 

abundant nucleation sites for re-oxidation, leading to a polycrystalline NiO structure 489 

without epitaxial alignment. 490 

The formation of HCP Ni in the Ni substrate during reduction in H2 (Fig. 2(a)) and 491 

re-oxidation in O2 + H2O (Figs. 3, 4) highlights the role of protons from H2 and H2O, which 492 



 

22 
 

diffuse into the Ni substrate and drive the FCC-to-HCP phase transformation, as 493 

supported by DFT modeling (Fig. 6). This inward H diffusion  across the NiO/Ni interface 494 

reflects the strong H affinity of metallic Ni and its capacity to accommodate H 495 

concentrations, triggering the phase transition48. 496 

Ni oxidation in H2O vapor produces a highly defective oxide31, as confirmed from 497 

our SEM observations (Fig. 5(e)) and diffraction rings linked to ordered vacancies in the 498 

NiO lattice (Fig. 4). These vacancies,  promoted by dissolved protons31, enhance lattice 499 

diffusion and accelerate oxide growth in the presence of H2O vapor (Fig. 5). H permeation 500 

through the NiO overlayer forms surface NiOOH and hydrates the Ni substrate (Figs. 3, 501 

4). Higher H2O content increases the formation of NiOOH and HCP Ni, as shown by the 502 

stronger diffraction signals of these phases. These results demonstrate the ability of hard 503 

X-rays to probe both the surface and deeper substrate transformations.  504 

Furthermore, in-situ XRD (Figs. 3, 4) shows that NiOOH and HCP Ni form more 505 

slowly on well-developed NiO overlayers than on defective native NiO. DFT modeling 506 

reveals that this is due to high H2O dissociation barriers on perfect NiO, while O and Ni 507 

vacancies significantly lower these barriers, enhancing dissociation adsorption. These 508 

results highlight how atomic defects accelerate proton-driven phase transformations and 509 

provide insights for optimizing H2O-involved catalytic processes in energy systems. 510 

The formation of NiOOH and HCP Ni via dissociative H₂O adsorption on NiO 511 

surfaces suggests a promising pathway to combine hydrogen production and storage in 512 

a single material system. NiO catalyzes H2O splitting, with atomic H diffusing into Ni and 513 

NiO to form hydrides and hydroxides, eliminating the need for electrolysis process or H2 514 

compression. The H-induced FCC-to-HCP transition further enhances H uptake by 515 

stabilizing atomic H. This dual functionality could facilitate direct H storage in Ni-based 516 

catalysts for on-demand use in fuel cells or industry. Challenges such as H diffusion 517 

kinetics and structural stability remain but addressing them could unlock scalable 518 

solutions for clean hydrogen energy. 519 

  520 

Conclusions 521 

In-situ synchrotron XRD reveals the redox-induced structural and phase evolution of Ni 522 

in O2, H2, and H2O environments. Oxidation in O2 induces strong (111) texture in both the 523 
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NiO overlayer and Ni substrate, which weakens after H2 reduction and subsequent re-524 

oxidation. NiO reduction in H2 dissolves protons into Ni, triggering localized FCC-to-HCP 525 

Ni transformation. Similar hydride formation occurs during oxidation in H2O vapor, where 526 

dissociative H2O adsorption on NiO surfaces generates protons that diffuse into the NiO 527 

overlayer and the Ni substrate, forming NiOOH and HCP Ni. JMAK analysis shows 1D 528 

growth kinetics for NiO and NiOOH on pre-oxidized surfaces due to suppressed lateral 529 

nucleation, while HCP Ni growth is limited by proton diffusion. In contrast, oxidation of 530 

pristine Ni foils yields 3D growth due to ample surface area for lateral nucleation and 531 

growth. These findings highlight the interplay between microstructure, phase, and redox 532 

conditions, offering insights for optimizing Ni-based catalysts involving H2, H2O, and O2. 533 

 534 

 Methods 535 

Polycrystalline Ni foils (5 cm ´ 2 cm, thickness = 0.2 mm) were used for the in-situ 536 

XRD experiments. The Ni foils were mounted on circular holder positioned on a ceramic 537 

button heater within a customized high-vacuum chamber, which is connected to the in-538 

situ and resonant hard x-ray (ISR, 4-ID) beamline of National synchrotron light source II 539 

(NSLS-II), Brookhaven national laboratory. X-ray energy was set to 17.611 keV (λ = 540 

0.704Å) throughout the experiment. The detector, consisting of an EIGER R 1M camera, 541 

was held at a fixed position to monitor the intensity evolution of diffraction rings over time. 542 

O2, H2, and H2O vapor were introduced in the chamber via a leak valve allowing for the 543 

controlled flow of gases into the chamber.  544 

The samples treated in the tube furnace were examined using a Hitachi 4800S 545 

SEM to observe their surface morphology, with an accelerating voltage of 10 kV and a 546 

beam current of 10 µA. To better visualize the thickness of the nickel oxide layer, cross-547 

sectional imaging was carried out using a Helios G5 dual-beam SEM/FIB system. A ~1.5 548 

µm-thick Pt protective layer was first deposited on the target area to protect the surface 549 

during subsequent ion beam milling. The region was then milled using the “regular cross 550 

section” mode at 30 kV and 9.9 nA, followed by fine milling using the “cleaning cross 551 

section” mode at 2.6 nA to obtain high-quality cross-sectional images. 552 

The Hubbard U corrected density-functional theory (DFT+U) calculations were 553 

performed using the Vienna ab-initio simulation package (VASP)61,62, with the Perdew-554 
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Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) and projector 555 

augmented wave (PAW) potentials63. For the Ni d orbitals, the Hubbard U correction is 556 

applied with parameters of U = 5.0 and J = 0.1, while anti-ferromagnetic spin ordering is 557 

integrated into the NiO rock salt structure’s calculations for calibration. Spin-polarized 558 

calculations are performed for all structures. A plane-wave cutoff energy of 500 eV was 559 

used to calculate adsorption energies. Brillouin zone integration was conducted with a 560 

(2×4×1) k-point mesh for slabs and a (8×8×8) mesh for bulk, based on Monkhorst–Pack 561 

grids64. NiO(100) surfaces were constructed by cleaving supercells derived from the bulk 562 

structure, comprising successive slabs with five atomic layers, separated by a 15 Å 563 

vacuum region. The positions of atoms in the two bottom layers were fixed, while the top 564 

three layers were allowed to relax, ensuring energy convergence below ~ 10-5 eV and all 565 

force components on each atom less than 0.015 eV/Å. Adsorption energies of H2O 566 

species on the NiO(100) surfaces with various types of defects were investigated, along 567 

with structure evolution in each calculation. Energy barriers for given dissociation 568 

pathways were computed using the NEB method. The resulting atomic structures were 569 

visualized using the Visualization for Electronic and Structure Analysis (VESTA) software 570 

package.  571 
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