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ABSTRACT

Nickel (Ni) being a member of the transition metal series, possess excellent
corrosion-resistant properties that it has been widely used as key alloying elements for
stainless fabrication as well as other nickel-based alloys with high corrosion and
temperature resistance. Additionally, as a group 10 metal, it has the comparable catalytic
performance to the more rare and precious Palladium (Pd) and Platinum (Pt). Due to its
abundance by weight in the earth crust and readiness to be mined and refined, Ni becomes
a low-cost substitution catalyst for many catalytic reactions such as hydrolysis, cross-
coupling chemical reactions, and reforming reactions. Because of all these mentionings
above, Ni is frequently exposed to the aqueous environment that contains hydrogen. Ni as
a cathode under cathodic charging is a very typical situation and gradually drawing more
and more attention and interest to its research during the recent decades.

In this dissertation, the goal of the research presented here is to investigate the
structure and properties of Ni surface under cathodic charging as there was remarkably
little information about the surface on Ni under cathodic charging was known from
previous studies. Only XRD and SEM observations were commonly conducted by
previous investigations, not to mention that the XRD detection range is also relatively
narrow that surface changes fall outside this range may be overlooked. Therefore, in the
first part of the dissertation, more advanced, thin-film specialized 2D-XRD measurements
are conducted, along with a wide range of surface characterization techniques. As a result,

the surface phases that are rich in Ni-O-S-H have been successfully observed. These
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phases partially cover the Ni surface with ~150 nm thickness and have surface potential
that is cathodic compared to the surrounding Ni surface. These phases are proposed to be
the decay product of the oxidation reactions of some Ni surface hydride with the
electrolyte. Such unique crystallographic structure, electrochemical and mechanical
properties are highly likely to cause various degradation and performance breakdowns
such as localized corrosion, electrode deactivation, and hydrogen embrittlement.

Following the findings of the first part, hydrogen concentration measurements of
cathodically charged Ni are conducted as an indirect way to infer the surface hydrogen
concentration and seek the existence of surface hydride. It shows that the amount of
hydrogen that can diffuse into the Ni is not governed by electrochemical parameters such
as overpotential or current. In fact, it is surface H coverage dependent. Additionally, the
un-restricted current density at full hydrogen surface coverage is found to be related to the
switching of the hydrogen evolution reaction pathway. The full hydrogen coverage at the
Ni surface under cathodic charging provides necessary but not sufficient conditions for
the surface hydride formation.

Finally, the third part of the thesis demonstrates observation of localized corrosion
pitting that initiated on Ni surface under cathodic charging. These localized corrosion
features are found to occur when surface hydrogen, as well as surface phases introduced
in the first part, reach their full coverage. The change of semiconducting behavior and
existence of Aluminum impurity inclusions that are preferentially located inside the
corrosion pittings are hypotheses to be related to the surface passive film breakdown and

corrosion initiation.
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1. LITERATURE REVIEW
1.1 Cathodic charging of Ni
Cathodic charging is an electrochemical process that based on an electrochemical
cell, in which Ni acts as the cathode, and usually, a piece of platinum acts as the anode,
both submerged in an electrolyte. Figure 1 shows the schematic diagram of cathodic

charging on Ni.
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The cathodic potential is applied at the sample surface to drive electrons to flow
towards the sample and introduce a reduction reaction. In a water-based electrolyte
environment, the electrolytic solution will decompose, hydrogen ions will be produced

and combine with electrons at the Ni surface to generate hydrogen atoms. Hydrogen atoms



will either combine with other hydrogen atoms to form an H> molecule or become

absorbed H and diffuse into Ni.

1.2 Effect of cathodic charging on Ni surfaces

Cathodic charging has long been suspected to change the Ni surface structure and
properties in different ways. Previous studies showed that Ni under cathodic charging
could be charged with hydrogen to a concentration as high as 0.7 hydrogen atoms per Ni
atom!. Although they claimed that the diffused hydrogen has virtually no effect on the
lattice structure of Ni, The cathodic charging process on the Ni surface are reported to
form H/Ni phase that has an FCC crystal lattice and its lattice parameter a is approximately
6% larger than that of Ni which measured by using XRD?.

As structure and properties are closely related, change of surface structure usually
comes with the change of various properties of Ni. Ni is a good catalyst for electrolytic
hydrogen production that has been reported that will gradually lose the HER activity
compared to the fresh Ni electrodes after several hours of water electrolysis™*. Besides,
cathodic charging also influences the mechanical properties of the Ni surface. A study
reported an increase of hardness at the Ni surface as cathodic charging introduce hydrogen
into Ni°. However, a recent study also shows that hydrogen produced by cathodic charging
affects the elastic properties as well as plastic deformation®. It reported a ~ 22% decrease
of elastic modulus after hydrogen charging and also a change of plastic deformation

behavior.



1.3 Effect of cathodic charging on other materials

A similar effect on aluminum has been reported’ that cathodic charging produced
a severely hardened surface with higher hardness along with reduced ductility and
increased yield and tensile strength. Bond et al®. studied the effect of cathodic charging on
aluminum and found that diffused hydrogen from the charging process enhances the
dislocation mobility and reduces the flow stress. Steel, as a good choice of materials for
its good resistance to the harsh environment, is inevitable to a cathodic charging
environment and therefore has been investigated. Several studies” '° reported degradation
of various mechanical properties including decreased ductility, lower elasticity, and
plasticity, on different steels under cathodic polarization.

The influence of cathodic charging on the mechanical behavior of brass was also
studied!!. Under the condition of cathodic charging with constant current density, the
microhardness of H-charged surface layers increased with increasing charging time. The
increasing current density also increases the surface layer microhardness under the same
charging time. It is also reported that the cathodic charging on brass can reduce the
ductility as well as the UTS to some extent.

Cathodic charging showed a similar effect on alloys such as Al-4Zn-1Mg'?, it
hardens the alloy surface, decreases the UTS, and also causes the transformation of ductile

intergranular fracture to brittle transgranular fracture in the outer H-charged surface layer.



1.4 Previous studies on cathodic charged Ni

Surface structure and mechanical properties wise, cathodic charging on Ni causes
uptake of H into the material resulting in embrittlement and cracking '* . Under some
conditions, cathodic charging also leads to the onset of localized intergranular corrosion
15

Catalytic performance-wise, the activity of Ni being as a catalyst for the HER is
observed to decrease progressively over time >4, It often shows as a gradually decreasing

current density under the same overpotential with increasing charging time.

Previous studies have used x-ray diffraction (XRD) to evaluate cathodically
polarized Ni surfaces to elucidate the loss of Ni surface characteristics during charging'
16.17 They identified the presence of additional Bragg diffraction peaks that were not Ni-
related and interpreted them as evidence of Ni hydride formation. Because there are no
thermodynamically stable compounds in the Ni-H binary system at atmospheric pressure
18 the proposed hydrides would have to be metastable, which means that the new
diffraction peaks should gradually fade once the charged samples are removed from the
electrolyte. It has been proposed that surface hydrides may be responsible for H
embrittlement '* 4 and deactivation of the HER **. All these earlier investigations, on the
other hand, were limited to a narrow range of diffraction angles, with 20 falling between

~42° and ~54°. As a result, any other surface phases that could have contributed to Bragg

diffraction peaks outside of this range would have gone unnoticed.



1.5 Previous studies on other cathodic charged materials

As the cathodic charging usually creates hydrogen exposure to the metal surface,
many relevant studies in this area are focusing on the investigation of possible hydride
existence and formation.

Song et al ' studied the corrosion behavior of AZ91 alloy in 1N NaCl at pH 11
under both cathodic and anodic polarization. By simultaneously measuring the hydrogen
evolution rate and the magnesium dissolution rate using the gas collection method and
ICP (the technique that we also used), they found out that under cathodic polarization,
anodic dissolution of Mg not only occur, but the dissolution rate is also comparable to the
hydrogen evolution rate. This suggests that Mg dissolution can occur independent of the
polarization and may also be related to the hydrogen evolution. They explained this by
proposing that both magnesium dissolution and hydrogen evolution occur in a coupled
manner in a phase (possibly Mg hydride) at the surface with exposure to the water that
metallic magnesium is oxidized into univalent ions and then react with water to produce
hydrogen gas and Mg?".

Chen et al *° followed up this proposed mechanism while investigating the possible
cathodic charging induced surface structure changes of AZ91 alloy in 3.5 wt% NaCl
solution at pH 7 and its influence on the negative difference effect (NDE) with special
attention to the cathodic Mg dissolution process. Using gas collection method,
potentiostatic test, and also thermodynamic calculation, they found out the calculated
current density based on the evolved H> gas was less than the measured current density in

high cathodic polarization region, which implied there was another cathodic reaction,



presumably hydride formation, consumes electrons besides hydrogen evolution. The
Gibbs energies of the formation of Mg?* and Mg(OH), are below zero, suggesting that
MgH> is unstable and will spontaneously react with water and decompose into Mg(OH)
that has Mg?" oxidized state and hydrogen gas. Thus, they concluded that the corrosion
behavior of AZ91 alloy at the cathodic region is consists of Mg hydride formation during
cathodic polarization and its decomposition when reacting with water into Mg hydroxide
and hydrogen gas. They also mentioned that Mg hydride is possible to form in the whole
pH range based on the thermodynamic calculations of MgH» and the Pourbaix diagram of
Mg-H:O.

Williams et al’’!

advanced the understanding of this corrosion mechanism of
hydride formation and decomposition reaction of water to produce Mg hydroxide by using
in situ scanning vibrating electrode technique (SVET) to characterize the localized
corrosion occurring on unpolarized Mg in 5% wt NaCl electrolyte at pH 6.5. The corrosion
features are shown to consist of a cathodic center of Mg hydroxide and an anodic ring of
possibly Mg hydride, in which the local corrosion currents around the cathodic center are
prominent while the currents emerging away from the cathodic center are negligible by

comparison. This suggests that the anodic decomposition process of Mg hydride tends to

occur right next to the cathodic center as it is the least resistive for electron transfer.



1.6 Summary

The behavior of nickel (Ni) surfaces under cathodic polarization in an aqueous
electrolyte is a key concern in several technologically important scenarios. Ni is one of
the most effective catalysts for the hydrogen evolution reaction (HER) and is therefore

2225 Because of their low

often used as the cathode in hydrolysis applications
susceptibility to corrosion’®, Ni-base alloys are frequently deployed in chemically
aggressive environments, such as sour wells?’”>?%, To further protect them against oxidation,
they are maintained at a negative (cathodic) potential with respect to their environment®*:
30 In both of these examples, changes in Ni surface composition and structure induced by
cathodic charging are thought to cause an eventual breakdown in performance. In
hydrolysis on Ni surfaces, the HER is observed to deactivate progressively over time> .
Cathodic polarization of Ni causes uptake of hydrogen (H) into the material resulting in
embrittlement and cracking'® '*. Under some conditions, cathodic charging also leads to
the onset of localized intergranular corrosion!*Cathodic charging has long been suspected
to change the surface structure as well as properties of Ni surface. However, remarkably
little about the surface of Ni under cathodic charging is known. The only crystallographic
structure has been studied by using XRD that they claimed the discovery of new surface
phases on Ni surface during cathodic charging, other information such as its elemental
composition, mechanical and electrochemical properties remain unknown.

Therefore, to fully understand the evolution of Ni surface under cathodic charging

and how it affects the properties and performance of Ni in various technological

application scenarios, more in-depth and complete investigation is urgently needed. The



investigation includes many aspects such as surface characterization on crystallography,
elemental composition, surface morphology and measurements of hydrogen content,

electrochemical properties as well as mechanical properties.



2. EXPERIMENTAL METHODS
2.1 Sample preparation
All experiments were performed using 50pm-thick, 99.98% pure, annealed Ni foils
from Alfa Aesar. Table 1 is the composition information of the foil reported by the supplier.
The foils were cut into rectangular samples of 4 cm (1.5 cm) in length. One end of the Ni
foil is soldered to a wire, which is then inserted into a glass tube, which serves as
electrolyte insulation for the wire during cathodic charging. Only nickel foil makes contact
with the electrolyte during charging, thus the end of the glass tube is likewise covered with
epoxy. By completing these steps, the potentiostat's measured potential, current, and
charge are identical to those on the sample, ensuring accuracy.
The as-received foil has a roughness of about 100 nm on the surface. The foils
were polished to a roughness of 5 nm to aid in the EBSD investigation. They were then

charged cathodically with 1M H2S0O4 and 1g/L NacCl to increase conductivity.

Element N1 Fe Mn Si C Cu Co S Other

Weight% 9934  0.13 0262 0.082 0.014 0.006 0.005  0.0003 Balance

Table 1: Chemical composition of as-received Ni foil.

2.2 Cathodic charging
The cathodic charging system is a conventional 3-electrode setup based on the
multiport corrosion cell kit from Gamry connected to a VersaStat 3F potentiostat from

Ametek. The Ni foil is the working electrode while a platinum wire acts as the counter
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electrode. The reference electrode is a saturated calomel electrode inserted into a lugging
capillary to make sure the distance between the reference electrode and the working

electrode is as small as possible.

All samples were rinsed and ultrasonicated in acetone before being immersed into
the electrolyte. Charging was conducted at room temperature and pressure under a 400mV
constant overpotential for times ranging from 15 minutes to 20 hours. The relationship
between open circuit potential (OCP), overpotential 1, and total applied potential E can be
described by the following equation: E = OCP + 1. Figure 2 shows potential history
from one of the cathodic charging experiments to illustrate how using this periodic

charging method to maintain constant overpotential.
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Figure 2: Applied potential during a typical charging run. The shaded areas
represent moments when there is no external potential applied. As a result, the open
circuit potential is measured during those times (OCP). The solid red box depicts the
initial 10 minute immersion period with the potentiostat turned off. The initial
charging period under 400mV overpotential is depicted by the blue dashed box. The
first interruption of the applied potential to measure the change in OCP is shown in
the orange dotted box.

Constant overpotential was maintained throughout the entire charging process by
measuring the open circuit potential every two hours and updating the total applied
potential applied on the sample accordingly. To assess the influence of periodic
interruptions on Ni surface structure, charging experiments under constant current density
without any interruption are also conducted. The state of the Ni surface was comparable
for both of these charging protocols. After charging, samples were taken out and gently
dried by using kimwipes. Selected samples were further rinsed in deionized water and
ultrasonicated in acetone. After H charging, samples were taken out and gently dried by

using kimwipes. Selected samples were further rinsed in deionized water and

ultrasonicated in acetone.

2.3 Surface characterization

2.3.1 X-ray Diffraction (XRD)

Although previous studies on the Ni surface under cathodic charging have used
XRD to characterize the crystallographic structure of the Ni surface, its accuracy,
detection limit, and resolution are limited due to the capabilities of the XRD instruments.

Besides, the scanning 26 values are pretty narrow, from ~40° to ~55°. These limitations

11



would somehow cause some other cathodic charging-induced structure changes that fall
outside this range to be overlooked. Which means they might lose the whole forest just

for the trees.

forward diﬁraction/

point detector P

\/' backward diffraction

Figure 3: Comparison of the 2-D XRD and conventional XRD.

For conventional XRD, the point detector only moves in the detection circle within
the diffractometer plane. This technique uses a diffractometer with a two-dimensional
detector, which makes the diffractor itself no longer being confined within the
diffractometer plane. The 2-D detector itself can be considered as a moving plane along
the detection circle, which intersects with the forward or backward diffraction cones to
form a conic section. These conic sections will produce Debye rings that have different

shapes based on the detector swing angle. Therefore, the 2-D diffraction pattern can carry
12



much more information than the conventional diffraction pattern, including PhaselD;
Percent crystallinity; particle size and shape; texture; and stress. As 2-D detectors can
collect diffraction data in a large 20 range simultaneously without sample or detector
movement, they can have much higher information throughput. Therefore, it can also give
better intensity so that it can distinguish those small changes of the diffraction peaks which
conventional XRD is unable to distinguish. The scanned range of 26 values is from 12°
to 70° and the scanned sample area is 100mm?. The value of the angle that represents the
rotation of the sample holder with respect to the axis normal to the sample, ¢, was
maintained at a constant optimum value. The optimal value is determined by performing
a series of scans with different ¢ ranging from 0° to 90°and choosing the one that gives

the strongest XRD signal.

2.3.2 Kelvin Probe Force Microscopy (KPFM)

Kelvin probe force microscopy (KPFM) analysis is performed using the KPFM
mode in the Dimension Icon atomic force microscope (AFM) from Bruker. A 2500um?
area is scanned, consisting of 256 line-by-line scans with a scan rate of 0.3 Hz. All the
KPFM measurements were performed at room temperature and in the air. There is some
convention regarding surface potential worth being explained here. In KPFM, the probe
tip and sample surface are electrically connected to form a parallel plate capacitor. With
no external potential applied, an electrical current flows through the circuit to equalize the
Fermi levels of the sample surface and probe tip. As charge accumulates at the tip and in

the sample, a potential difference develops between them, known as the contact potential,
13



V.. The operating principle of KPFM is to apply a counteracting voltage Vi on the probe
tip so that this charge difference is nullified. Therefore, when Vy, equals -V, the charge
difference disappears. The potential map shows Vy. Therefore, positive values in the
potential map correspond to negative values of V.. Moreover, when comparing any two

Vy, values on the map, the one that is more cathodic is the one with a higher Vy value.

2.3.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) analysis is performed using the AFM mode in
the Dimension Icon atomic force microscope (AFM) from Bruker. A 2500um? area is
scanned, consisting of 256 line-by-line scans with a scan rate of 0.3 Hz. All the AFM

measurements were performed at room temperature and in the air.

2.3.4 Energy-dispersive X-ray spectroscopy (EDX)

Scanning electron microscopy (SEM) was performed using an LYRA FIB-SEM.
EDS characterization was done using an Oxford Instruments detector integrated into the

LYRA FIB-SEM. The scanned area is 180 um X 140 um and the interval between each

sampling point is 0.5 pm. Elements that were selected for detection using the EDS

included O, S, Na, Cl, Ni, and C.

2.3.5 Electron Back-Scattered Diffraction (EBSD)
EBSD measurements were performed using an Oxford Instruments detector

integrated into a FERA FIB-SEM. The scanning parameters are the same as for EDS.
14



EBSD data were analyzed to identify the orientation of pure Ni grains. Surface phases
with crystal structures and lattice parameters different than that of pure Ni, therefore, show

up as dark, un-indexed regions in our EBSD maps.

2.3.6 Secondary Ion Mass Spectrometry (SIMS)

SIMS measurements were run using a custom-built instrument with a Ceo
buckminsterfullerene effusion source®®. Ceo particles are accelerated individually to 50
keV and impact within a 200pm-diameter region on the target at an angle of incidence of

25° from normal with a repetition rate of 1000 impacts/s. Each impact generates

secondary ion ejecta from a region approximately 100nm? in the area and 5nm in depth.
The mass spectra of ejecta created by each impact are acquired separately. Therefore, this
technique enables the assessment of variability in local compositions over distances of
~10nm on the analyzed surface, albeit without position information. Moreover, the mass
spectrometer may be polarized to filter out either positively or negatively charged ions.
This capability was used to filter out Ni* ions, which are expected to make up the majority
of ions ejected from the surface and would otherwise have created a substantial
background signal in our measurements. The spectra reported here contain negatively
charged, S- and O-bearing atomic clusters, exclusively. Thus, the SIMS measurement is

specific to the surface phases of interest in the present study.

2.3.7 Attenuated Total Reflection-Fourier Transform InfraRed (ATR-FTIR)

15



To test for carbon(C)-based surface contaminants, ATR-FTIR measurements were
performed using a TENSOR II FTIR Spectrometer with an ATR attachment. Prior to
testing the Ni samples, a background measurement against air was run and compared with
previous background measurements to verify proper calibration. Surfaces of as-received
samples were carefully cleaned to ensure they are free of C contaminants prior to ATR-
FTIR measurements. H charged sample surfaces were gently dried using kimwipes
without rinsing or ultrasonication.

2.3.8 Inductively-Coupled Plasma Mass Spectrometry (ICP-MS)

These ICP-MS measurements were run using a Perkin Elmer NexION 300D
instrument. 10ug/mL Ni standard solution was used for calibration before the
measurements. 25mL samples of electrolyte were extracted after 0, 5, 16, and 20 hours of
charging. This measurement has a detection limit of 0.006pg/L and uncertainty of 3% at

1s (68% confidence level).

2.4 Hydrogen content measurement
The hydrogen content of Ni samples was determined using the G8 Galileo ON/H
analyzer from Bruker which operates based on melt extraction methods. Fig. 4 is a diagram

illustrating the melting extraction method.
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Figure 4: Schematic diagram of G8 Galileo ON/H analyzer

Sample with required dimensions will be inserted via the funnel on top of the
chamber. Once it is dropped inside the crucible which has been purged to remove all the
moisture and impurities before, a high current will be applied through the crucible to raise
the temperature above the melting temperature. A sample will be melted inside the
chamber in dozens of seconds and a carrier gas flow (pure N> for H, pure He for O and N)
will be pumped into the chamber to carry all the elemental content released from the
sample through several chemical filters. These filters will further remove the residual
moisture and impurities to assure measurement accuracy. Carrier gas flow will eventually

go through a thermal conductivity detector (TCD) which can measure the conductivity
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variation caused by the ON/H content. In the meanwhile, a reference gas flow that has the
same composition as the carrier gas flow except it does not carry any elemental content
from the sample, will also go through the TCD. By knowing the difference of conductivity
between carrier gas flow and reference gas flow, the ON/H content can be determined.
Each measurement takes 2-3 mins and is performed in 5 mins right after the charging is
complete and extraction of the sample from the electrochemical cell. Therefore, although
outgassing of hydrogen in this period can be compensated by using the 1-D diffusion
solution for H in Ni, the amount of the outgassing H is negligible compared to the H
content inside the Ni sample.

The instrument is calibrated using ASTM standard samples from Alpha Resources

at regular intervals.

2.5 Surface current distribution measurement

Surface current distribution measurement was conducted based on the VersaSCAN
scanning electrochemical systems from AMETEK. The Scanning Vibrating Electrode
Technique (SVET) uses a sharp conductive tip to measure the voltage drop of a very small
vicinal space. This voltage drop is a result of the local currency at the sample surface.
Therefore, the voltage mapping of the Ni surface under cathodic charging can be
transformed into current mapping by using the as-tested polarization curve of the Ni foil.

Figure 5 shows an example of the potential map output directly from the instrument.
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Figure 5: Time-resolved S-VET mapping of the same area of a continually corroding
sample taken at the different times being exposed to the electrolyte.

The diameter of the detection tip is ~10 pm, therefore, the instrument can
distinguish voltage variation with a spatial resolution down to 10 um. As each point scan
will take dozens of seconds and the Ni surface is large. The total scanning time will be
very long if the scanning is running every 10s, this can cause the state of the surface at the
beginning of the scanning to differ greatly from the state of the surface at the end of the
scanning. Therefore, the scanning interval of the measurement has been set to 20 pm and

the total scanning area is 200 pm x 200 pm.

19



3. FORMATION OF NI-O-S-H SURFACE PHASES DURING CATHODIC
CHARGING"
3.1 Introduction

As mentioned in the previous introduction section, cathodic charging has long been
suspected to change the surface structure of Ni. Previous studies reported cathodic
charging-induced surface structures on Ni, including lattice expansion determined by Ni
peak shift to lower 20 and new surface phase formation indicated by new XRD peaks.
However, all these studies were lack of other characterizations than just XRD and SEM.
Besides, the XRD detection range is pretty narrow, only from 40° to 56°). With this narrow
detection range, some other cathodic charging-induced structure changes may be
overlooked. Which means they might lose the whole forest just for the trees.

To further understand the surface structure evolution of cathodically charged Ni,
in this study, further and more complete characterization of the surface structure and
properties of Ni is conducted. This includes using a more advanced, thin-film specialized
2D-XRD with better sensitivity and a much wider 2theta range (up from 40°-50° to 20°-
70° based on Cu Ka X-ray source) and other site-specific surface characterizations like

EBSD, EDS, SIMS, AFM, and KPFM. Additionally, a phase formation mechanism based

“Part of this chapter was reprinted with permission from “Formation of Ni-O-H-S surface phases on
cathodically charged Ni”” by Jiang, L.; Verkhoturov, S.; Schweikert, E.; Demkowicz, M. J., 2021, Corrosion Science,

Vol 185, 109424, Copyright © 2021, Elsevier Ltd.
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on the oxidation reaction of some Ni surface hydride with electrolyte is proposed in

answering the new phases discovered in this study.

3.2 Cathodic charging experiments
To develop a complete view of the formation and stability of surface phases on

cathodically charged Ni, various measurements were carried out on samples prepared in

several different ways:

® As-received Ni foils. These samples provide a baseline for comparison against all
other samples.

® Ni foils charged cathodically over durations ranging from 15 minutes to 20 hours. To
retain the resulting surface phases intact, these samples were only gently dried after
extraction from the electrolyte and before characterization.

® Ni foils charged cathodically over durations ranging from 1 to 7 hours and cleaned by
ultrasonication upon extraction from the electrolyte. As will be shown, these samples
are free of surface phases. They enable us to assess the state of the bare Ni foils after
charging while excluding the effect of the surface phases.

® Ni foils charged cathodically over durations ranging from 3 to 20 hours, gently dried
upon extraction from the electrolyte (leaving surface phases intact), and left in air for
up to 48 hours before characterization. These samples allow us to assess the stability

of the surface phases in air.
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In the following sections, findings on the crystallography, composition, topography,
and electron work function of surface phases formed on cathodically charged Ni are

presented.

3.3 Surface characterizations

The first surface characterization technique being used is 2-D XRD, which gives
an overall determination of whether new phases with the distinctive crystallographic
structure were formed on the Ni sample surface during cathodic charging. However, since
the Braggs diffraction peaks from the XRD are collective average signals coming from
the scanning area, the result does not contain any positional and distributional information
about the new phases. In order to know how these new surface phases distribute at the Ni
sample surface and what is the extent of the coverage, EBSD measurements were
performed. Indexing only the pure FCC Ni is enough to distinguish the new surface phases
from the Ni substrate.

After confirming the existence of new phases and acquiring information about the
distribution on the Ni surface, EDS measurements were then performed in order to
characterize the elemental composition of these new phases. As the probing depth of EDS
is relatively deep and it is unable to detect hydrogen, ToF-SIMS measurements were also
applied as a complimentary compositional characterization technique. Hydrogen was also
detected by using the ToF-SIMS, but quantitative information of H requires very
complicated calibration and configuration of the instrument. Therefore, the melting

extraction method by using the G8 Galileo ON/H analyzer came in handy to obtain
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quantitative information about the hydrogen content in the new phases. ATR-FTIR
technique was applied to exclude the influence of any organic contaminants on the
aforementioned measurements.

Finally, AFM and SKPFM measurements were conducted to characterize the

surface topography and work function of new phases as well as the H-charged Ni surface.

3.4 Results
3.4.1 Phase crystallography and distribution

Fig. 6 compares XRD patterns obtained from an as-received Ni foil, a foil that had
been charged for 5 hours and only dried before characterization, and one that had been
charged for the same time (5 hours) and ultrasonicated before characterization. The 26
range, 12° - 41° |, was selected to exclude Ni reflections, which have a much higher
intensity than reflections from charging-induced surface phases. The as-received Ni
sample shows no peaks within the selected 20 range, as expected for pure Ni. The H
charged sample has several clear new peaks, consistent with the presence of surface phases
with crystal structures distinct from that of Ni. These peaks lie in a lower 20 range than
ones reported in previous studies on cathodically charged Ni and attributed to hydrides"
34 Finally, the H charged and ultrasonicated samples do not exhibit any of the
aforementioned new peaks, indicating that the new phases formed during charging are

easily removed by ultrasonication.
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Figure 6: Comparison of XRD patterns from as-received samples, H charged samples
with no ultrasonication, and samples ultrasonicated after H charging.

EBSD is used to determine how the charging-induced phases are distributed on
sample surfaces. Fig. 7 presents EBSD images of representative areas of three samples:
one as-received, one charged, and another charged and ultrasonicated. To perform EBSD
analysis, the as-received foil had to be polished to ~5nm surface roughness. Regions that
were successfully indexed as pure face-centered-cubic (FCC) Ni are colored by inverse
pole figure (IPF) Z-coloring. The colormap in Fig 7.d) shows the relationship between

color and the Miller index of free surface facets. As illustrated in Fig. 7.a), this foil is

polycrystalline Ni with an average grain size of ~20* 1 1 m, determined using the average

grain intercept method™.
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Figure 7: EBSD analysis of a) as-received Ni foil after polishing, b) H-charged and
dried Ni foil and ¢) H-charged and ultrasonicated Ni foil. d) Correspondence between
colors in a), b), and c¢) and Miller indices of free surface facets.

Fig. 7.c) shows the Ni surface after 18 hours of charging and subsequent
ultrasonication. This sample presents a clean, polycrystalline Ni surface, comparable to
the surface of the as-received foil shown in Fig. 7.a). In particular, Fig. 7.c) contains no

regions that cannot be indexed as pure FCC Ni. This finding reinforces our conclusion that

ultrasonication removes the surface phases that are formed during cathodic charging. The
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average grain size in Fig. 7.c) is also 20 = 1 & m, indicating that charging and

ultrasonication do not affect the microstructure of the Ni foil.
To gain further insight into the structure of the charging-induced surface phases,

the TOPAS?* software was used to index the new XRD peaks in Fig. 6. The peak at 20.4°

has been indexed to NiSO4 with orthorhombic structure and Cmem space group while the

grouping of peaks around 22.8° has been indexed to a mixture of NiSO4 and Na;SOy4, the

former with orthorhombic structure and Cmcm space group and the latter with

orthorhombic structure and Fddd space group. The peak at 31.3° has been indexed to
NiSO;3(H20)s with trigonal structure and R3 space group and the two peaks at 36.4° and
37.6° have been indexed to NiO(OH) with trigonal structure and P3m1 space group. This

indexing of XRD peaks should be treated with caution as each of the aforementioned
compounds also predicts peaks that were not observed in XRD. Furthermore, XRD is
sensitive to crystal structure but not to composition. As a consequence of the indexing
data, we may conclude that the surface phases are a combination of hydroxides, sulfates,
and other chemicals, rather than a single crystallographic type.

Fig. 8 shows how the intensity of the distinct peaks identified in Fig. 6 changes as
a function of charging time. For each charging period displayed in figure 8, separate Ni
samples were charged and tested independently. Peak intensities for all new phases rose
over the first 5 hours of charging, then declined for the next 5 to 10 hours before stabilizing
with more charging time. After around 10 hours of charging, it appears that these surface

phases have matured into a mature, nearly steady state.
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Figure 8: XRD peak intensity of charge-induced phases vs. charging time. The
trendline labels correspond to the peak labels shown in Fig. 6.

Finally, XRD measurements on the surface of Ni foils that had been charged for
20 hours and subsequently left to age in the air for up to 48 hours were performed. Fig. 9
plots XRD peak intensities of peaks corresponding to all charge-induced phases as a
function of aging time. Intensities of the peaks related to NiSOs, Na;SO4, and NiO(OH)
remain stable in air at all times. Meanwhile, the peak intensity of NiSO3(H20)s diminishes
more than 80% within the first 5 hrs of exposure to the air environment and then remains
stable. Therefore, it appears that the charging-induced phases are long-lived and may be
thermodynamically stable in air. The 80% decrease in intensity of the NiSO3(H20)s peak
suggests that the thermodynamic equilibrium state in the air of NiSO3(H20)s may differ

substantially from its driven steady-state during electrochemical charging.
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3.4.2 Phase composition

Several complementary techniques were used to characterize the composition of
the newly formed surface phases. Fig. 10 shows EDS scans of the surface of an as-received
Ni specimen. As expected, the sample consists primarily of Ni, albeit with some evidence
of uniformly distributed S and O surface impurities. Fig. 11 shows a corresponding EDS
scan after 18 hours of cathodic charging and without ultrasonication. Surface O and S in
this sample are clearly concentrated into elongated filaments ~5 um in width. These

filaments also appear to be slightly depleted of Ni, compared to the surrounding Ni surface.
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Figure 10: EDS mapping of an as-received Ni sample.

Figure 11: EDS mapping of a Ni sample after 18 hours of charging and no
ultrasonication.
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EDS scans of samples that had been cathodically charged and ultrasonicated (not
shown) do not exhibit any of the S- and O-rich filaments shown in Fig. 11. Indeed, the
elemental distribution on the surfaces of ultrasonicated samples is comparable to that of
the as-received surface shown in Fig. 10, aside from low quantities of isolated S and O
impurities uniformly distributed on the surface. Thus, based on their morphological
similarity to the black regions in Fig. 7.b) and given their removal from the surface by
ultrasonication, the S- and O-rich filaments can be identified in Fig. 11 as the charging-
induced surface phases introduced in the previous section.

The signal detected by EDS originates from an approximately 1um-thick layer on
the sample surface. Meanwhile, as will be shown in section 3. c), the charging-induced
surface phases are only about 100nm thick. Thus, while Fig. 11. b) shows a Ni signal on
the surface area occupied by these phases, it is not clear whether any part of it originates
from the phases themselves or whether all of it arises from the pure Ni metal underneath
the phases. Consequently, EDS cannot determine unambiguously whether the charging-
induced phases contain Ni, in addition to S and O.

SIMS measurements were carried out to confirm the presence of Ni in the
charging-induced surface phases. As explained in the previous experimental section, the
custom-built SIMS instrument used probes within ~5nm of the sample surface, filters out
the background of Ni" ions originating from bare Ni surfaces, and collects mass spectra of
ejecta created by impacts of individual 50 keV Cgo** particles. Thus, this tool allows us to

characterize the Ni content of the charging-induced phases unambiguously.
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A representative example of the SIMS negative ion spectra is shown in Figure 12.
Of particular note are the peaks due to Sy”, SO>7, NiS", NiO2", NiSO4OH". A sequence of
~10 M impacts (at the rate of 1000 impacts/s) amounts to probing 10 M emission areas
each of 10> nm? The individual spectra reveal co-emitted ions, i.e. It enables the
identification of impacts that resulted in the emission of S or O-bearing ions and correlated
species. These individual spectra may be analyzed to reveal correlations in the emission
of pairs of species, A and B. The analysis is carried out by computing homogeneity

coefficients, Hy g, following Eller ez al. *':

HA,B:Y:_‘;‘B' (1)

Here, Y, is the total yield of A, defined as the number of counts of A in the
complete spectrum divided by the total number of impacts, N, while Y, is the
coincidental yield. To compute Y, g, the Ng impacts that resulted in the emission of at least
one B cluster are found. The total number of A clusters emitted during just these Np
impacts is then found and divided by Ng. If there is no correlation in the emission of
species A and B, then Hy p = 1. If A and B tend to be co-emitted during the same impacts,
then Hy p > 1. Finally, Hy p < 1 indicates anti-correlated emission: emission of A occurs

preferentially during impacts that do not involve emission of B. Note that Hy g # Hp 4.
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Figure 12: Total mass spectrum of an H-charged sample obtained using SIMS.

Fig. 13 presents homogeneity coefficients computed for pairs of the most
prominent peaks in the SIMS emission spectrum in Fig. 12. Columns represent the
measured ion (corresponding to A in equation 1) while rows represent ions used for impact
selection (corresponding to B in equation 1). The table shows that S-bearing species, such
as S, Sz, SO, SO, SO3, and SO4H, tend to be co-emitted along with Ni-bearing species,
such as Ni2SOH, NiO>H, NiSH, NiS, and NiO,, as evidenced by the fact that homogeneity
coefficients computed for pairs of these species are greater than unity. We conclude that
S- and Ni-bearing compounds tend to be co-located on the surface, likely within the

charging-induced surface phases. Fig. 13 also shows that all homogeneity coefficients
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involving H, C>H, and CI are near unity, indicating that these species are uniformly

distributed across the surface, with no correlation to the location of other species.
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Figure 13: Homogeneity coefficients computed for pairs of prominent peaks in the
SIMS spectrum of cathodically charged Ni.

EDS is not sensitive to H while SIMS requires
calibration to return quantitative estimates of H content. Therefore, to estimate the H

content of the charging-induced surface phases, melt extraction was used to determine and
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compare the H content of samples that had been ultrasonicated to that of samples that had

been charged for the same time, but not ultrasonicated. Figure 14 shows the total H content
of both sample types as a function of charging time. In both cases, the H content increases
monotonically with charging time, consistent with continuous uptake of H into the Ni foils
during charging®® *°. Moreover, the H content of ultrasonicated samples is consistently

lower than that of the as-charged samples. The difference in H content between these two

sample types is ascribed to the surface phases.
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Figure 14: H content vs. charging time of as-charged Ni samples (solid blue line)

and samples ultrasonicated after charging (dashed blue line). The % difference
between the blue lines is shown with the red dashed line.

To estimate H concentration in the surface phases, the difference in the H content

of the as-charged and ultrasonicated samples, ANy, is computed and divided this quantity
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by the estimated total volume of the surface phases, Vs. The % difference in H content is
plotted as a function of charging time in Fig. 14. Consistent with the rapid growth of the
surface phases deduced from XRD (see Fig. 6), this difference increases rapidly within
the first hour of charging. Subsequently, it stabilizes at around 5 hrs with a slight tendency
to decrease with continued charge time.

To find Vs, multiplied by the surface area of the charging-induced phases—
estimated in section 3.1 to be ~30% of the total sample surface area—by their thickness.
As will be shown in section 3.3, these phases have a thickness of approximately 200 nm.

Thus, V2.7 X 10* nm?® giving an inferred H concentration of approximately 22 H

atoms/nm>. This H concentration is comparable to that in nickel sulfate hydrate (NiH2SOs,
23 H atoms/nm?), less than that in nickel sulfite hexahydrate (NiSO3;(H20)s, 60 H
atoms/nm?), and greater than that in nickel oxide hydroxide (NiO(OH), 7 H atoms/nm?).
Finally, neither EDS nor SIMS gave evidence of any significant surface
contamination with C or C-bearing substances. To further support this finding, ATR-FTIR
measurements were carried out on as-received and as-charged Ni foils. Organic
contaminants are expected to present distinct peaks in infra-red absorbance spectra
measured by this technique. However, as shown in Fig. 15, there are no major differences

in the spectra of the investigated samples for wavelengths between 600 cm™ and 4000 cm”

1
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—a) Uncharged Ni
—b) H-charged Ni
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Figure 15: ATR-FTIR spectrum of as-received Ni sample and H charged Ni sample.

The small peaks near 2100 cm™ originate from the ATR diamond crystal, which is
part of the instrument. The weak and broad absorption peak around 3200 cm™ could not
be attributed to any specific contaminant. It can be concluded that the charging-induced

surface phases are not organic contaminants.

3.4.3 Surface topography and potential

Figure 16 shows the surface elevation and surface potential (electron work
function) of as-received and as-charged Ni samples measured by AFM and SKPFM. The
work function is defined as the difference in potential between the sample surface and the

detector tip. Therefore, the higher the value shown in the figure, the lower the surface

36



potential (i.e., the more cathodic the surface). The as-received foil exhibits variations in

surface topography reminiscent of surface faceting along crystallographic planes*.

However, the surface work function of this foil shown in Fig 16. b) is nearly
uniform, with no apparent influence of topography on work function. By contrast, the
surface of the as-charged sample exhibits elongated islands protruding by ~200 nm over
the surrounding area. These islands are shown in Fig 16.d) also exhibit a 120mV higher
surface potential from the pure Ni substrate, meaning that they are cathodic with respect

to the surrounding material.
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Figure 16: a) AFM and b) KPFM measurements on as-received Ni sample. ¢) AFM
and d) KPFM measurements H-charged Ni sample. e¢) Height profile for line scan
1-2 shown in c¢). f) Surface potential profile for line scan 3-4 shown in d).
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Samples that had been ultrasonicated after charging (not shown) do not exhibit the
distinctive topographical features shown in Fig. 16. Moreover, their work functions are
nearly uniform, as in the case of the as-received foils. Nevertheless, the ultrasonicated
surfaces have an overall 100mV higher average surface potential than the uncharged Ni
even after all the surface phases have been removed. This difference may be attributed to
H uptake into the Ni matrix and the consequent elastic expansion*!. Given their removal
by ultrasonication, the aforementioned islands were identified to be the charging-induced
surface phases, which the thickness was concluded to be ~200 nm and cathodically

polarized by about 120mV with respect to the surrounding Ni surface.

3.4.4 Evolution of surface coverage

To study the time-variation of the coverage of the sample surface by the phases
reported here, we carried out a series of EDS measurements on Ni samples after different
charging times and without ultrasonication. Surface coverage for each was determined
through analysis of EDS maps of oxygen content using the Imagel software*’. Fig. 17
shows the surface coverage as a function of charging time. The surface coverage increases
in the first 12 hours, achieving ~30% coverage. Subsequently, the coverage reaches a time-
invariant value and no longer increases with continued charging. These findings are
consistent with the XRD results reported in Fig. 6. The surface phases maintain a

filamentary shape throughout the charging process.

39



W
o

N
©o

Surface coverage (%)
N
(@))

6 8 10 12 14 16 18

Charging time (hr)

Figure 17: Surface coverage as a function of charging time.

The nature of the time-invariant state reached after 12 hours is further elucidated
by ICP-MS measurements of electrolyte Ni content as a function of time, shown in Fig.
18. Unlike surface coverage, the Ni concentration in the electrolyte increases
monotonically with time, without reaching a time-invariant state. This result indicates that
Ni is continually dissolving from the sample and suggests that the time-invariant surface
coverage illustrated in Fig. 17 is actually a dynamic steady state achieved when the rate

of formation and dissolution of the surface phases balance.
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Figure 18: Ni concentration in the electrolyte as a function of charging time.

Assuming that all the dissolved Ni originates from the surface phases, the data in
Fig. 17 allow us to infer the rate of phase formation needed to balance the measured Ni
loss. Considering that the total electrolyte volume is 1L and the total sample surface area
is 6cm?, we find that the surface coverage must grow at a rate of ~3.3% per hour to balance
the observed Ni loss under steady-state conditions. This calculated rate of formation is in
good agreement with the initial growth in surface coverage shown in Fig. 17
(~24%/8hours =~ 3%/hour). This finding supports the conclusion that the steady-state
coverage represents balancing rates of phase formation and dissolution, both of which

proceed continually throughout charging.

41



3.5 Discussion

In this work, we demonstrate the formation of distinct surface phases on
cathodically charged Ni foils. Our analysis shows that these phases are composed of Ni,
O, S, and H. After reaching steady-state during cathodic charging at a 400mV
overpotential, they are about 150nm thick and cover approximately 30% of the surface
area. Ultrasonication removes the surface phases, indicating that they are not strongly
bound to the Ni surface and may be mechanically fragile themselves. However, they
persist in the air. Finally, the surface electronic potential of these phases is cathodic with

respect to the surrounding Ni by about 70 mV.

Based on their compositions and XRD spectra, the charging-induced surface
phases likely include Ni hydroxides, sulfates, and oxyacid salts. With the exception of Ni
oxyacid salt (NiSO3(H20)s) **, these compounds are thermodynamically stable in the air
44,45 consistent with the XRD data in Fig. 6. However, when placed in aqueous electrolytes,
they are only stable at high pH or under anodic polarization ** * They are

thermodynamically unstable under cathodic polarization and in highly acidic electrolytes.

Thus, their occurrence in our experiments is unexpected and requires explanation.

We propose a mechanism for the formation of the reported surface phases that
recognizes their inherent thermodynamic instability under cathodic charging at low pH.
Indeed, the electrolyte composition data in Fig. 18 suggests that the observed surface
phases are continually dissolving into the electrolyte, as would be expected for
thermodynamically unstable compounds. The variations in open circuit potential (OCP)

shown in Fig. 2 also suggest the dissolution of these phases into the electrolyte. The rapid

42



drop in OCP highlighted by the solid red box in Fig.2 indicates that the sample initially
possesses a thin, passivating film—Ilikely a Ni oxide or hydroxide *** that dissolves upon
immersion in the electrolyte. The gradual rise in OCP after prolonged cathodic charging
is consistent with the re-passivation of the surface by the surface phases reported here.
However, every time the applied potential is removed, the OCP is once again observed to

drop, as illustrated by the orange dotted box in Fig. 2.

In view of the thermodynamic instability of the observed surface phases and their
continual dissolution into the electrolyte, we propose that they form from the
decomposition of other, even higher-energy phases, namely superstoichiometric Ni
hydrides. Previous studies have proposed that Ni hydrides may form under cathodic
charging !46-48 However, given that we do not observe any diffraction peaks attributable
to them, the proposed hydrides likely form as surface films that are too thin to be detected
by XRD. Indeed, we hypothesize that the sample surface area that appears to consist of

bare Ni may be coated with a thin layer of superstoichiometric Ni hydride.

First-principles computational studies indicate that superstoichiometric NiHy, with
x>1.25, has higher energy than bare Ni (by up to 150 kJ/mol, in the case of NiH3)
“‘meaning that such hydrides are likely to undergo exothermic reactions, forming lower-
energy products. Indeed, many metal hydrides, such as LiH, KH, NaH, as well as
dihydrides, including MgH» and CaHa», are reported to be highly reactive, including with
water °% 3!, Therefore, we propose that the surface phases reported here form via the
reaction of NiHx with the electrolyte. For example, its reaction with water yields Ni(OH).,

which is one of the compounds identified in our study:
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NiH, + 2H,0 - Ni(OH); + (:+ 1)H,. (2)

Figure 19 presents a schematic of how the reaction in Eqn. 2 may occur on the
sample surface. Hydroxide ions from the electrolyte are preferentially transported to the
NiHx layer as it is anodic, relative to the surface phases reported here (as shown in Fig.
16). The reaction of these ions with the hydride yields Ni(OH); and concurrently releases
H> from the decomposition of the surface hydride as well as electrons from the oxidation
of Ni into the Ni** valence. Hydronium ions from the electrolyte are preferentially
transported to the surface phases, which are cathodic relative to the hydride layer. The
electrons released from the oxidation of Ni are conducted through the Ni substrate,
carrying the charge needed to neutralize hydronium at the surface phases and leading to

the eventual evolution of H; from them, as well.

Electrolyte 2H,0 —
20H™ + 2H*

W S

XH, 1 20H™ |
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The proposed reaction does not involve any net change in charge. Therefore, in
principle, it may occur under any externally applied polarization, both cathodic and anodic.
However, as illustrated in Fig. 19, it generates local surface currents and therefore implies
a non-uniform surface potential, which is consistent with our findings. The electrical
resistivities of both the hydride (e.g., NiH 2 and product phases (e.g., Ni(OH), > are
substantially higher than that of Ni. Thus, we expect these currents to pass mostly beneath
the immediate sample surface. This fact explains why the proposed reaction occurs
preferentially in the vicinity of pre-existing cathodic locations, rather uniformly across the
sample surface. Since the total resistance experienced by the electrons increases with the
distance traveled, the most active sites are those close to the hydride/product phase

interface.

Several previous studies informed our interpretation of the results presented here.
Conway et al. > studied Raney Ni-Al electrodes under cathodic polarization in 10M
NaOH at pH 14. They observed continuing evolution of Hz even after cathodic charging
ceased. They attributed this evolution to the decomposition of a surface hydride through a
reaction with water. However, they did not determine whether any product phases
remained on the surface. Similarly, Song et al. ' studied Mg-based alloy AZ91 in IN
NaCl at pH 11 under both cathodic and anodic polarization. They proposed that the
reaction of a surface hydride with water is responsible both for anodic H> evolution and
cathodic Mg dissolution. Chen et al. ?° reached comparable conclusions in a study on
AZ91 in 3.5 wt% NaCl solution at pH 7. Additional insight into hydride decomposition

l. 21

was provided by Williams et al. ©°, who used the in situ scanning vibrating electrode
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technique (SVET) to characterize localized corrosion on unpolarized Mg in 5% wt NaCl
electrolyte at pH 6.5. They observed a cathodic center of Mg hydroxide encircled by an
anodic ring, possibly of Mg hydride. They argued that the anodic decomposition of Mg
hydride occurs adjacent to the cathodic center as it is the least resistive location for the
electron transfer.

Beyond purely electrochemical investigations, Binns et al.

studied cathodically
polarized Mg-base ZEK 100 alloy in 0.1 M NaOH at pH 13. They argued for the existence
of MgH> based on XRD data and for Mg(OH), based on SIMS. In their view, Mg hydrides
are metastable and react with water to form Mg(OH),. They propose that this formation
mechanism is responsible for the filiform morphology of the corrosion features they
observed. Finally, Adhikari et al. >® reported hydride formation on unpolarized pure Al in
IM NaOH solution at pH 14, based on SIMS and AFM characterization. Moreover, they
observed nm-scale surface particles, which they suggest consist of Al hydride with Al
hydroxide. They concluded that the emergence and dissolution of these particles are due
to the decomposition of Al hydride into Al hydroxide and the subsequent dissolution of
the latter. These foregoing studies suggest that the formation of surface hydrides and their
subsequent decomposition via reactions with the electrolye may be common to many
metals.

While Eqgn. 2 leads to the formation of Ni(OH),, several of the surface phases
identified in our study contain S. To ascertain the origin of the S, we estimate the total S

content in the phases and compare it to the S impurity content in the as-received foil (see

Table 1). The volume of surface phases has already been estimated in section 3.b) as V; =
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(5.4 + 1.8) x 10~5cm3. Assuming a nominal surface phase composition of NiSO4 and
using the density (4g/cm?) and molar mass (154.75g/mol) of NiSOas, we estimate that the
total S content of the surface phases is (1.4 4+ 0.51) X 107° mol. Meanwhile, based on
the reported S impurity concentration in the as-received Ni foil (~3 w.ppm), each of our
samples is initially expected to contain (2.5 + 0.85) x 108 mol of S.

Thus, the S content of the surface phases far exceeds the amount of S initially present
in our samples. It is therefore likely that the S in the surface phases originates
predominantly from the H>SOs in the electrolyte. For example, instead of reacting with
hydroxide ions, the hydride layer in Fig. 19 may react with SO4> present in the electrolyte,
resulting in the formation of NiSO4, which is one of the surface phases identified in our
study. It follows that the composition of surface phases formed under cathodic charging

depends on the composition of the electrolyte.

While the proposed mechanism for the formation of Ni-O-H-S phases is consistent
with the available data, it assumes the presence of a superstoichiometric NiHx layer. If, as
we expect, such a layer is too thin to detect by conventional techniques, then experimental
confirmation of its presence would likely require neutron reflectometry (NR). NR is
sensitive to hydrogen and capable of detecting Angstrom-thick surface layers >’. Moreover,
since the hypothesized NiHx is expected to be thermodynamically highly unstable, its
detection may have to be carried out in sifu in an electrochemical cell: a challenging
proposition, but not unprecedented . Finally, the formation mechanism of the proposed
NiHx layer is also unknown. Under the cathodic charging conditions of our experiment,

its emergence may be due to the high electric current being driven through the Ni cathode.
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For example, since NiH has a much higher resistivity than Ni *°, the charge transfer
reaction at the cathode may require partial ingress of H' ions into the Ni, giving rise to a

near-surface H supersaturation.

As shown in EBSD and EDS, the new phases are aggregated into filamentary
networks and occasionally exhibit dendritic-like morphologies. Several previous studies
have reported similar surface phase morphologies and proposed a variety of mechanisms
to explain them. Binns et al observed filiform corrosion products on magnesium and
attributed them to the synergic effect of enhanced cathodic activity catalyzed by
magnesium hydride and formation of corrosion-suppressing magnesium hydroxide °°.
Others suggest that filiform surface phase morphologies may be due to the underlying
material microstructure !, Filiform morphologies are also reminiscent of the “Brownian
trees” often seen in studies on diffusion-limited aggregation 2, wherein atomic species
execute a random walk until they attach to a pre-existing aggregate and are immobilized,
e.g., in electrodeposition %, Our present study does not permit us to conclude which, if
any, of these mechanisms is responsible for the distinctive surface phase morphologies

observed on cathodically charged Ni. The question, therefore, awaits further investigation.

Much is already known about the Ni hydroxides, sulfates, and oxyacid salts, which are
thought to be present in the surface phases reported here. For example, these compounds
have resistivities of 2.60-10* (Q-m) to 10° (Q-m) ¢+ i.e., substantially higher than pure
Ni (6.99-10°® (Q-m)). Density functional theory (DFT) calculations show that the elastic
constants of these phases are generally lower than those of pure Ni by approximately a

factor of two %7, They also have a lower Vickers hardness of 250-400MPa 8, compared
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to 700MPa for Ni%. Nevertheless, numerous follow-on studies may be conducted to
elucidate their properties. For example, the hardness and elastic moduli of the phases
relative to the Ni surface may be further investigated by peak force quantitative
nanomechanical mapping (PFQNM): and AFM-based technique that maps these

mechanical properties as a function of location on the sample surface.

Electrochemical impedance spectroscopy (EIS) may also be carried out to further
characterize the interaction of these phases with aqueous electrolytes. The non-uniform
distribution of the surface phases complicates the interpretation of such measurements,
necessitating the use of specialized analysis methods, such as the constant-phase-element
(CPE) model by Brug et al. °, or localized EIS microelectrodes capable of probing the
local impedance 7!. The outcome may be compared to the Mott-Schottky analysis for
electrolyte/semiconductor junctions, providing insight into the electronic nature of the

surface phases.

The formation of Ni surface phases during cathodic charging has potentially
important technological consequences. Metal hydrides and hydroxides are thought to be
responsible for the activity loss of Ni during electrochemical H charging **. They are also
thought to increase the electrode overpotential for the H evolution reaction (HER) *’. The
formation of surface phases may therefore be deleterious for the efficiency of electrolytic
H production. However, it may be beneficial in cathodic protection as it may lead to a
reduction of H uptake into the Ni and therefore a lower risk of H embrittlement. The

surface phases may also act as barriers for H diffusion into Ni.
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The differing potentials and electrical resistivities of the charging-induced phases
and the surrounding surfaces give rise to the emergence of localized galvanic couples.
This scenario may lead to the onset of localized corrosion, even on cathodically polarized
Ni surfaces. We did not observe any localized corrosion in our experiments. However, Liu
et al. report deep corrosion pits on pure Ni surfaces after cathodic charging at much higher
current densities than were used in our study '°. Surface phases may play a role in the
initiation of such pits. For example, since Ni(OH), is an ionic conductor ’?, charge transfer
7375

across it may be mediated by Cl ions, which are known the play a role in pitting

Such cathodic corrosion processes have yet to be investigated in detail.

Finally, charging-induced surface phases may have a role to play in crack
propagation. Based on multi-scale simulations incorporating atomistic and discrete
dislocation methods, Song and Curtin proposed that stress fields at crack tips promote the
local formation of hydrides in Ni 7® and Fe 77. These crack-tip phases then embrittle the
material by suppressing the emission of dislocations from the crack tip. Moreover, they

may be brittle themselves, as others have observed 1> 7

, leading to easier cleavage. Our
study leads us to infer the presence of hydrides on cathodically charged Ni surfaces,
potentially lending support to these hypotheses. Moreover, the arguments of Song and
Curtin would appear also to hold if the crack tip phases were not hydrides, but rather more
compositionally complex phases, such as the Ni-O-S-H compounds investigated here. It

would therefore seem valuable to investigate whether such phases form within cracks, in

addition to flat surfaces, and—if so—whether they affect crack propagation.
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4. H UPTAKE OF NI UNDER CATHODIC CHARGING

4.1 Introduction

Findings from section 3 suggest the necessity of the existence of some surface
hydride, as the precursor to the Ni-O-S-H surface phase formation. As such hydride phases
usually have high energy and thus, thermodynamically unstable, they are not supposed to
be observed easily via ex-situ, postmortem surface characterization. Additionally, the
hydrogen of the surface hydride, due to it just having only one electron, the electron
density is too weak that it can not emit X-rays that can be detected by conventional surface
characterization such as X-ray diffraction. The hydrogen atoms in coupling with the much
heavier metal can make things even worse as the strong Fourier truncation ripples can
completely overshadow the rather weak electron density contrast from the hydrogen atom.

Therefore, there is not much option when it comes to detecting hydrogen atoms
directly. One feasible way to observe atomic hydrogen is using atom probe tomography’®:
80 but it provides depth distribution profile rather than planar distribution. It also requires
delicate sample preparation and the sample is extremely susceptible to volatile
environments that it only works for ex-situ observation. The other way to directly detect
hydrogen atoms is neutron reflectometry, which due to its isotopic sensitivity and ability
to study covered interfaces (the interface between Ni and electrolyte in this case), is a
mature and promising experimental technique for such investigation. It is also non-
destructive and due to the high penetrability of the neutrons through various matter or

media, it is also suitable and capable for in situ studies.
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However, although we did try to conduct such investigation in the Lujan center at
Los Alamos National Laboratory, it eventually did not work out due to several technical
difficulties with the dissolution of deposited Ni thin film from the quartz substrate being
the biggest issue.

Despite all these challenges for conducting direct measurement on the Ni surface
under cathodic charging, there are some indirect ways to achieve the same goal. When a
sample has been saturated with hydrogen, there is not any more net change of the adsorbed
hydrogen atoms diffusing in or out from the sample. At this equilibrium state, the
measured average hydrogen concentration, therefore, equals the equilibrium hydrogen
concentration Cy as the hydrogen distribution in the sample interior is uniform everywhere.
As a result, the surface hydrogen concentration or surface hydrogen coverage 6 can be
inferred based on Cp. This inspired the second main part of my research work, the

hydrogen uptake of Ni under cathodic charging.

4.2 Charging experiments and electrochemical measurements conducted

The samples we conducted charging experiments on are the same as mentioned
before. 50 um thickness enables us to successfully charge the samples to an equilibrium
state with hydrogen within 12 hours, which is critical as our concentration measurement
1s ex-situ that the saturation process requires several data points from the same numbers
of individual charging and hydrogen concentration measurement. All charging
experiments are conducted based on two parameters, t, charging time and 7, overpotential.

Charging time, t, ranging from 1 hr up to 24 hrs to ensure Ni is saturated with hydrogen.
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Overpotential n = U — U, . U is the applied potential between the working
electrode and the reference electrode while U, is the open circuit potential (OCP) which
depends on the choice of the reference electrode. However, we found that the open circuit
potential (OCP) changes during the first 4-5 hours of charging (Fig. 2), which we believe
is due to the change of surface condition®!:8? during charging. Therefore, applied potential
has to be adjusted regularly to keep overpotential constant.

Here we chose a single charging period to be 1 hour, after that power is cut off for
10 mins to let the open circuit potential rest and get stabilized. Then a new open circuit
potential (OCP) is measured for the determination of the applied potential for the next
charging period. The plot highlighted by red circles shows that open circuit potential (OCP)
stabilizes asymptotically after power switch off for 10 mins, that is why we think e result
10 mins wait time will be enough to obtain an accurate OCP measurement.

EIS scan was also used to investigate the dynamics change of charging reaction as
well as the diffusion process on the sample surface during charging. Results show that
electrolyte resistance and double-layer capacitance have minimal change throughout the
whole charging process, which means the aqueous environment and the interphase
between electrolyte and sample are stable and consistent during charging. However, the
EIS results should not be taken into consideration too seriously and draw a conclusive
claim from that, simply due to the fact the surface phases introduced from section 3 has a
non-uniform distribution which will also yield a capacitative response that may obscure
the interpretation and results. The charge transfer resistance which is a measurement of

the resistance for transferring electrons from the electrode to the hydrogen ions in the
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liquid phase decreases by about 30% in the first 5-hours of charging and stays almost the

same after that. This means the surface of the sample went through a transient state in the

first 4-5 hours and became fully polarized and stabilized after that.
To sum up, all the Ni samples were charged in the following ways:

® Different total applied potential: 400mV vs SCE, 500mV vs SCE, 600mV vs SCE,
700mV vs SCE. These charging experiments are conducted to see if H uptake content
has a dependence on the total applied potential provided to the system.

® Different overpotential: OmV; -250mV, -300mV, -400mV, -450mV, -500mV, -
600mV. With the sample dimension introduced previously, charging under
overpotential larger than -600mV will result in the onset of localized corrosion and
current shot-off that will exceed the current limitation of the potentiostat and
eventually interrupt the charging. Constant overpotentials were maintained
thoroughly all the charging by using the periodic charging method introduced in the
method chapter. The purpose is to see if there is a relationship between H uptake and
overpotential.

® For each total applied potential and overpotential, a series of charging experiments
were conducted with different charging times ranging from lhr up to 24hrs. Time-
resolved H content profile can be obtained and up to 24 hrs charging can make sure

the Ni samples reach their equilibrium state of H uptake.
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4.2 Hydrogen content measurement

We used the melt extraction method in the G8 Galileo ON/H analyzer from Bruker
to measure the hydrogen concentration inside the nickel foil after hydrogen charging. The
instrument has been calibrated using the standard sample from Alpha Resources before
measurement to ensure accuracy.

After charging, the sample will be removed from the cell, detached from the glass
tube and wire to be ready for cleaning. The sample will first be rinsed with DI water to
remove residual electrolyte and other impurities and deposits formed at the surface of the
sample during charging. Then the sample will be immersed into acetone for
ultrasonication, which is to remove further deposits formed at the surface. After 3 mins of
ultrasonication, the sample will be wiped dry and ready for hydrogen concentration
measurement.

The melting extraction measurement for hydrogen concentration takes about 2
mins, coupled with the cleaning procedures which is around 5 mins; the sample will be
outgassing for around 7 mins until the concentration is measured. This loss of hydrogen

concentration has been compensated in our calculation which will be discussed later.

4.3 Results
4.3.1 H content profile without ultrasonication at constant potentials

We started with a series of charging experiments at different applied potentials
(400, 500, 600, and 700 mV) for different time lengths up to 16 hours, and the
concentration has been measured without surface cleaning, which is just rinsed with DI
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water. Fig 20 shows the plot of hydrogen concentration after various hours of charging at

various applied potentials.
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Figure 20: Plot of Cu vs charging time at different applied potential without surface
cleaning.

Cu at t = 0 hr is the average concentration from the baseline measurements of 10
as-received nickel foils, which is 205 a.ppm. Even though all plots at different applied
potential show a positive correlation between charging time and hydrogen concentration,
the data are very scattered and there is no clear plateau which represents hydrogen inside
the sample is saturated and achieves its equilibrium state. Given that the thickness of the

sample is 50 um, T = 25°C and using a hydrogen diffusion coefficient in nickel D, =

6.87 X 1077m? /s , activation energy Q, = 40.52k]/mol determined by Volkl and

Alefeld®®. We can expect the plateau appears at around 6.4 hours using the formula: t =

12 . . . .
oo-- Therefore, charging at constant applied potential and measured without

2Dg-exp(—2)

56



surface cleaning can not control the saturated hydrogen concentration and obtain

reproducible, unscattered data.

4.3.2 H content profile with ultrasonication at constant potentials

Given that the foil is very thin, which is 50 um thick, surface contaminants and
deposits such as hydride will affect the accuracy of hydrogen concentration measurement.
For this reason, surface cleaning using ultrasonication is necessary to remove the excess
hydrogen at the surface of the sample in the form of hydride and other composites. We
then conducted the same charging experiments but with surface cleaning. Fig 21 is the

plot of hydrogen concentration measured after surface cleaning.
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Figure 21: Plot of Cu vs charging time at different applied potential with surface
cleaning.

The data is less scattered than the data without surface cleaning because of surface

cleaning. Notice that the hydrogen concentration with the same charging condition is all

57



decreases by about 500 a.ppm compared to the data without surface cleaning. Assuming

this amount of hydrogen all evenly distributed at the surface of the sample and a simple

Ny _ ACyNni _ ACuPniVsoil _ 10

28 28 28 Vyi

“back-of-the-envelope” calculation can rationalize it:

(ACy is the hydrogen concentration difference after cleaning, Vy; is the volume of a single
nickel atom, S is the sample’s surface area). That means there are 10 excess hydrogen
atoms per square angstrom, which is reasonable. Therefore, using ultrasonication can
effectively remove the excess hydrogen on the surface of the sample after charging, which
enables us to have an accurate measurement of the hydrogen concentration inside the

sample.

4.3.3 Evolution of Open Circuit Potential (OCP) at constant potentials

Even though using the proper surface cleaning method benefit us to have better
hydrogen concentration data, concentration plateaus that represent samples are fully
charged are still missing. By monitoring the change of open circuit potential (OCP) during

charging, which is illustrated by Fig 2, we found that the open circuit potential (OCP)
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Figure 22: Open circuit potential change with charging time.

Therefore, if samples are charged at constant applied potential E, the overpotential
will gradually increase due to the change of open circuit potential. It also explains why
the concentration curves keep increasing with increase charging time and it gradually
slows down after 10 hours of charging, which matches perfectly with the open circuit

potential curves in Fig 22.

4.3.4 The upper limit on equilibrium H concentration

In light of the situation described above, we decided the cathodic charging should
be at constant overpotential and measure hydrogen concentration after surface cleaning.
Fig 23 is the plot of hydrogen concentration versus charging time with surface cleaning at

different constant overpotentials. The data is much less scattered than the data measured
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without surface cleaning. Besides, all concentration curves reach a plateau after being
charged for around 6-8 hours. This also accords with the calculation for saturation time
described previously, samples should be fully charged after 6-7 hours. Therefore, by
charging at constant overpotential and measuring hydrogen concentration after surface

cleaning, we can obtain hydrogen concentration curves with plateaus as expected.
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Figure 23: Hydrogen concentration vs. charging time at different n measured after
surface cleaning.

The plateaus appear after around 7 hours of charging and there is always a positive
correlation between the saturated concentration and overpotential, as expected.
Equilibrium concentration on different overpotentials can be determined by finding where

those plateaus at.
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Recent studies by Kirchheim and Pundt® proposed a quantitative relationship
between hydrogen pressure and the voltage difference under electrochemical loading (Eqs
3). Combining this with Sievert’s Law (Eqs 4)%% % which describe the relation between

hydrogen concentration in metal and the gas pressure, cy~,/py, , a quantitative

relationship between hydrogen concentration in metals at thermodynamic equilibrium and

electrochemical potential can be derived (Eqs 5):

U—Uy=——In—2 3
0 °F n Do 3)
M-gas M-gas
prz AH! — TAS},
Cy= |—2 — 4
H Do exp ( kT ) 4
U—Uy)F AHM99% _TpsM-99s
Cy = exp (—( o)f _ Ay iy 5
RT kT

Here the equilibrium H concentration reached at charging times beyond ~7 hours
varies with the overpotential, as shown in Fig. 24.a). To validate the relationship
mentioned above, we can plot —kBTInCy vs overpotential ) based on the experimental
results as shown in Fig. 24.b), and compare the slopes and intercepts with the theoretical

prediction of Kircheim and Pundt* based on Eqn (5):
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Figure 24: a) Equilibrium H concentration vs overpotential as measured in the
experiments and b) comparison of the measured H concentration with predictions
from the theoretical relationship proposed by Kirchheim and Pundt.
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4.3.5 Hydrogen content vs current at different overpotentials
We monitored current density during charging at different overpotentials and

found it insightful to plot against measured hydrogen concentration, which is shown in

Figure 25.
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Figure 25: Hydrogen concentration vs. steady-state current density at different
overpotentials n measured after surface cleaning.
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influence on surface H activity, however. The rest of this section elucidates a theoretical

explanation for these results.

4.3.6 Surface coverage of hydrogen limits H uptake

To better rationalize the findings regarding the limited H uptake presented in the
above sections, here is a proposed model of H concentration absorbed into the Ni cathode
based on the detailed balance between H within the cathode and H adsorbed onto the
cathode surface, i.e., that thermally-activated ingress of H from the surface into the interior
proceeds at the same rate, 1y, as the thermally-activated egress of H from the interior onto
the surface, r,,;. This condition obtains when the cathode surface and interior are in
thermodynamic equilibrium with each other, as shown in Fig. 26.

The H surface activity, on the other hand, is not a thermodynamic equilibrium
state because it is not dictated by precise balance. Rather, following Turnbull®, It is a
non-equilibrium stable state formed by a balance of electrochemically driven processes
that produce atomic H near the cathode surface (at a rate 7,;,.) and recombination of
atomic H into H, molecules, which agglomerate and bubble off irreversibly from the
cathode surface (13,,,5), as shown in Fig. 26. In this scenario, H surface activity is limited
by the activation of a surface H removal pathway whose rate increases rapidly with H
surface coverage, allowing the current density to increase even as surface H activity
remains unchanged. The following subsections provide a quantitative discussion of the

qualitative model proposed in Fig. 26.
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Figure 26: Detailed balance holds between H adsorbed at the Ni cathode surface
and that absorbed inside the cathode interior. It does not hold true, however,
between H adsorbed on the Ni cathode surface and H in the electrolyte.

Figure 7 shows a schematic of the relative free energies of H when adsorbed onto
the cathode surface and when absorbed into the cathode interior. All energies are

measured relative to that of H» gas at zero pressure. The rate of H ingress from the

surface may therefore be written

Tip = vee—(AE’+Ea)/k3T (6)
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where v is the transition attempt frequency, 6 is H surface activity, AE’ is the
energy difference between H in the interior and on the surface of the cathode, and E, is
the activation energy barrier for H egress, as illustrated in Fig. 7. The rate of H egress
from the interior is
Tout = vege k5T (7)
where any discrepancies in entry and egress attempt frequency are expected to be
ignored. There is no net H exchange between the surface and the inside of the body

when it is in thermodynamic equilibrium, i.e., 1, = Ty, SO

cy = ee—AE'/kBT (8)
Thus, if the energy, AE’ is known, we can calculate the activity, 8, from the

experimentally observed H concentration, cy.
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Figure 27: Energy diagram of H adsorbed on the Ni cathode surface and H
absorbed inside the Ni cathode interior.

Following Fig. 27, we write
AE" = AEjne — AEqqs 9
Here, AE;,; = h¥f — TSM is the formation of free energy of H interstitials in Ni
(AE;; = 0.3389¢eV at T = 298K *) and AE, is the adsorption energy of H atoms on
the surface of Ni. Previously published density functional theory (DFT) research provide
estimates for the latter. The adsorption energy of individual H atoms on Ni surfaces has

been reported by a number of researchers’°2. However, we are aware of only three that
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reported AE, 4 as a function of pre-existing H surface coverage®>®>. All three studies
considered adsorption of individual H atoms onto singular, [111]-type surface facets
exposed to vacuum. Surface coverage is defined as the ratio of H atoms per unit surface

area to Ni atoms per unit surface area of a single [111] atomic monolayer.

The findings of these studies are summarized in Fig. 28. All three predict negative
adsorption energy at zero coverage, implying that the transition from H> molecular gas to
atomic H adsorbed on a bare Ni surface is exothermic. Two researchers believe that as
coverage grows, absorption will become less exothermic. There are, nonetheless,
significant quantitative disparities between them. While Greely and Mavrikakis®* and
Yatsymyrskyi’> et al. and both report comparable adsorption energies at zero coverage (-
0.57eV and -0.61eV, respectively), Shirazi ef al. report a value of -0.32eV?>. Furthermore,
according to Shirazi et al., the adsorption process switches from exothermic to
endothermic beyond the coverage of 0.8. By contrast, all the adsorption energies reported
by Yatsymyrskyi et al. as well as Greely and Mavrikakis are negative, meaning that H
adsorption is exothermic relative to H> gas at all reported coverages. In a comprehensive
review of first-principles simulations of H adsorption onto metal surfaces, Faglioni and
Goddard®® argue that discrepancies such as these are to be expected when comparing
studies that use different DFT settings (as is the case for the three aforementioned studies).
As a result, we believe that these inconsistencies reflect the inherent errors of DFT

modeling.
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Figure 28: Adsorption energy AE ;5 of H onto vacuum-facing Ni {111} surfaces as
a function of surface coverage.
We construct quadratic least-squares fits for the data sets of Greely and
Mavrikakis®* and Shirazi et al.>*, shown in Fig. 27, to obtain numerical expressions for

AE 4, as a function of surface coverage.
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AE45(0) = p160° 4+ p,0% + p36 + p,

P1 P2 % P4
Greely and
0.0967 -0.0323 0.0036 -0.6203
Mavrikakis
Shirazi et al. 0.1394 0.3738 0.0035 -0.3126

Table 2: Fitting parameters for Quadratic least-squares fits conducted on the DFT
adsorption energy data sets.

The coefficients of these fits are given in Table 2. We do not fit the data of
Yatsymyrskyi’> et al. as it spans an insufficient range of surface coverages to capture the
reduction of H adsorption energies at high surface coverage seen in the two other data sets.
We use the fitted expressions for AE ;5 in conjunction with Eqn. 8 and 9 to compute c.

If we identify H activity, 8, with surface coverage, we obtain:
CH = 88_(AEiTLt_AEadS(0))/kBT' (10)

Since this equation is transcendental, we solve it numerically. Fig. 29 shows the
resulting variation in surface coverage, predicted over the range of experimentally
observed H concentrations (0 appm -1500 appm). The computed surface coverage based
on the date sets of Yatsymyrskyi is not shown in Fig. 29 as their computed adsorption
energy is decreasing with increasing surface coverage. Fitting this data set and
extrapolating beyond unity coverage gives a further exothermic trend towards higher
surface coverage, which eventually results in a diverge surface coverage without limit to

the orders of 10 within our experimentally observed hydrogen concentration range. The
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adsorption energy data set of Greely and Mavrikakis does have a trend towards
endothermic with an increasing surface coverage of H. However, their computed data does
not capture the crossover from exothermic to endothermic. A further extrapolation of the
data yields a crossover point at ~2 surface coverage of H, which explains the surface
coverage capped below 2 within the range of our experimentally observed H concentration.
The adsorption energy data of Shirazi ef a/ has the most complete surface coverage range
with the endothermic trend that captures the crossover point around 0.8 H surface coverage.
This characteristic predict the H surface coverage converge to ~1 within our
experimentally measured H concentrations.
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Figure 29: Surface H coverage vs. equilibrium H concentration in the cathode
computed by numerical solution of Eqn. 6.
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Following the discussion of Fig. 29, we conclude that the asymptotic value of the
coverage should correspond to the coverage when the adsorption process switch from
being exothermic to being endothermic. Therefore, we choose the study of Shirazi et al
for all of our calculations since theirs is the only one that has the crossover from

exothermic to endothermic with their computed data points without extrapolation.
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Figure 30: Surface H coverage (obtained using H adsorption data from Shirazi et
al.”®) vs. current density.

Fig. 30 shows the calculated H surface coverage of our experimentally H
concentration date points over the range of measured current density using the adsorption

energy date from Shirazi et al. The surface coverage on the sample is already high even
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under small current density. This suggests the adsorbed hydrogen covers the Ni sample
surface extensively once the charging is on regardless of the current density. However, as
illustrated by Fig. 30, the significant increase of the current density does not result in a
huge increase in the surface coverage. In fact, the surface coverage eventually approaches
some asymptotic value regardless of the increasing current density. This characteristic
indicates some mechanisms should be responsible for limiting the surface coverage of H

independent of current density, which will be discussed in detail in the next section.

4.3.7 Surface reactions during electrochemical H charging

Because there is no net H exchange between the cathode surface and the interior
once a detailed balance is established, electrochemical interactions between the surface
and the electrolyte govern the H activity on the surface. The irreversible bubbling off of
H;> gas from the cathode surface, as shown in Fig. 26, is one of the reactions' outcomes.
As a result, detailed balance fails, and time-invariant H surface activity is not a
thermodynamic equilibrium state. It is a kinetically driven stable state, rather. Furthermore,
as seen in Fig. 30, surface activity saturates during cathodic charging while the current
increases without bound. The purpose of this section is to explain these findings using

surface electrochemical processes as a basis.

We begin by expressing the current density, i, and the rate of change of surface

coverage, 0, in terms of contributions from the canonical cathodic reactions, namely:
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Volmer: H;0* +e~ -» Hy,,; + H,0,
Tafel: 2H,; — H,,

Heyrovsky: H,y + H;0" + e~ > H, + H,0.

Here, H,; denotes H adsorbed on the cathode surface. Since the Tafel reaction

does not contribute to charge transfer, the current density may be written

i/fe =1, +1y, (11)

where 1, and 1y denote Volmer and Heyrovsky reaction rates (expressed in

#/m?s), respectively. The rate of change of surface coverage is

0=0=r1r,—2rr —1y —TI¥. (12)

The contribution of the Volmer reaction (73,) is positive because it involves
adsorption of H onto the cathode surface. By contrast, both the Tafel (r) and Heyrovsky
(ry) reactions remove H from the cathode surface. The factor of two in front of the Tafel

term indicates that every instance of this reaction removes two adsorbed H atoms.
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Under steady state, the surface coverage no longer changes with time. Thus, we

set & = 0 in Eqn. 12. Solving for 1;, and substituting into Eqn. 11, we arrive at

i =2e(rp +ry). (13)

Therefore, under the conditions of our experiment, current density may be
expressed in terms of just those reactions that remove adsorbed H from the cathode surface.

We write the reaction rates as

TT = kTQZ,
(14)
'rH — kHe_ﬁHen/kBTe,

where k; and kj are empirical rate constants and Sy = 0.5 is the symmetry factor

for the Heyrovsky reaction®’. Following previous analyses’®

, we solely account for
forward processes and assume that, given the conditions of our experiment, the rates of

the equivalent reverse processes are minimal.

Taking k = 7.8 - 10™° mol/cm?s and ky = 1.9 - 1071° mol/cm?s from Bhardwaj
and Balasubramaniam® and =~ —3.6136 + 2.916 from a linear least-squares fit to our
own data, we arrive at the relationship between surface coverage and current density

plotted in Fig. 31. This calculated relationship is in qualitative agreement with our
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experimental findings. The agreement is further improved if we modify the expression for

the Heyrovsky reaction rate to

rIZI — kHe‘ﬁH(en+AEadS(9))/kBT0’ (15)

where AE,;4(6) is the coverage-dependent H adsorption energy obtained from

fitting the DFT calculations of Shirazi et al.”? (fitting coefficients given in Table 2). The

current density is quantitatively consistent with our experiments using this adjusted

formulation.
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Figure 31: Relationship between surface coverage and current density calculated
using Eqn. 13 with the Heyrovsky reaction rate expressed as in Eqn. 14 (7y) or

Eqn. 15 (r;, ). For comparison, we also plotted our experimental results.

The rapid rise in current density with increasing surface coverage is due to the
Heyrovsky reaction, whose rate is an order of magnitude greater than that of the Tafel
above 6 =~ 0.9. According to Eqn. 8, whenever r; < 1y, it follows that 1 = 17,. Thus, no
matter the rate of charge transfer, surface coverage remains constant because adsorbed H

is replenished by the Volmer reaction as quickly as it is depleted by the Heyrovsky. The

foregoing analysis shows that the dominance of the Heyrovsky reaction over the Tafel
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governs the steady-state surface coverage at high current density and therefore determines

the maximum H uptake into the solid.

4.3.8 Derivation of theoretical Tafel slope of different reaction pathways

Further insight into the dominance of Heyrovsky reaction on the electrochemical
surface reaction kinetics and its corresponding overpotential/current and H surface
coverage can be acquired based on the comparison between experimentally observed Tafel
slope and theoretical derived Tafel slopes. The derivation process is demonstrated below:

Volmer-Heyrovsky reaction pathway:

For Volmer reaction, forward reaction and backward reaction have their rate
constant based on its rate law. Based on the relationship between overpotential, applied
potential, and OCP which previously stated, n = E — E|, the reaction rates can be

written as:

Vi = ki[H*](1 = @)e@ DI (16)

V_y =k_,0e%TM (17)

Here, E is the applied electrode potential, 0 is the surface coverage of adsorbed

hydrogen and a is the transfer coefficient.

Similarly, the rate of Heyrovsky reaction is:
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V, = kI[H*]0e@ VIE = [,[H*]0e@ DM (18)

Generally, the charge transfer coefficient a is taken to be the same for each reaction.

For adsorbed H proton, when the steady-state is achieved, yields d6/dt= 0:

Vl - V—l - VZ
= ky[H*](1 —0)e@ VM _ |_,0e%M (19)

— k,[H*]0el@~DIn

And 0 is solved as:

ky[H']
6 =
(ki + k))[H*] + k_,0e/7

(20)

As the full derivation is rather complicated, here two cases for surface coverage 6
of the adsorbed H proton were discussed: 8 =~ 0 and 8 =~ 1. When k_; > kq,k;,0 = 0

and Eqn (16) can be written as:
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Where K; is the equilibrium rate constant of Volmer reaction at low H coverage.
An electric current can be simply related to the reaction rate V by the following

relationship:

I = nFAV (22)

Where I is the electric current, n is the number of electrons that participate in the
reactions, and A represents the surface area of the electrode. Therefore, combining Eqn

(18), (21), and (22) with some manipulation yields:

il = 2.303
dlogi " (a—2)F

(23)

When transfer coefficient @ = 0.5, the corresponding Tafel slope is -40mV/dec,
which is the criteria for determining the reaction mechanism as Volmer-Heyrosky

pathway at low H coverage.

Similarly, when H coverage is high (8 = 1), yields:
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il = 2.303
dlogi " (a—1F

(24)

Corresponding Tafel slope is -120mV/dec if @ = 0.5 and also is the criteria for

Volmer-Heyrovsky pathway at high H coverage.
Volmer-Tafel reaction pathway:

The derivation for theoretical Tafel slope of Volmer-Tafel reaction pathway is

similar and yields:

il —2303RT 25
dlogi T 2F 25)

Tafel slope is -30mV/dec if « = 0.5 for the case of low H coverage (8 = 0).

At high coverage (6 = 1), [ = Fk; which means the electric current is kinetically limited

and no longer depends on pH or overpotential.

4.3.9 Comparison of experimentally and theoretically determined Tafel slopes

Figure 32 is a Tafel plot obtained by performing LSV on a Ni sample after 16 hrs
of charging under -400mV overpotential. The cathodic side has three sections with distinct
Tafel slopes. The section in the purple dashed box A has a Tafel slope ~30mV/dec, that in
the red dash-dotted box B has ~1300mV/dec, and the one in the green dotted box C

~110mV/dec. Analysis of these slopes gives insight into the reaction pathways that govern
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charge transfer at the cathode. Following the theoretical treatment by Shinagawa et al.'®,
we conclude that the slopes in the first two boxes (~30mV/dec and ~1300mV/dec) are
consistent with charge transfer dominated by the Volmer-Tafel mechanism with the Tafel
reaction as the rate-determining step. The range of overpotentials with low or high Tafel
slope corresponds to low or high surface coverage by adsorbed H, respectively. The Tafel
slope in the third box (~110mV/dec) is consistent with charge transfer dominated by the
Volmer-Heyrovsky pathway with the Heyrovsky reaction as a rate-determining step at

high H surface coverage.

Overpotential (V)

1072 10° , 10°
Current density (A/cm®)

Figure 32: Tafel plot of Ni sample after 16 h of charging under -400mV
overpotential.
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Therefore, the Tafel slope analysis based on the LSV measurements on the Ni
sample under electrochemical charging condition indicates the HER reaction pathway
operates via Volmer-Tafel at low overpotential/current density and switch to Volmer-
Heyrovsky at high overpotential/current density to accommodate the rapid increase of the

current density

4.3.10 Determination of hydrogen diffusivity in Ni

The hydrogen diffusivity of the nickel foil used in the charging was also analyzed
and determined using mathematical calculation. Given that our sample for the charging
has a dimension of 50mm in length, 20mm in width and 0.05mm in thickness, hydrogen
charging can be treated as a 1D thin-film diffusion problem in this scenario. Fortunately,

101

for this specific 1-D diffusion problem, its analytical solution™”" already exists, which is :

i x [_(2n+1)n2Dt]
Z Ssin[(2n+ Drzlel T (26)

3 |

C=C,,0<x<L,t=0
C=0,x=0andx=L,t>0

With boundary conditions: {

Here () is initial concentration, x is the location along the thickness direction, L is
the thickness and t is the charging time. By integrating over the thickness and dividing by
L, we can have the overall average hydrogen concentration in the sample with respect to
charging time only. Which is :

@+’ De _(en+nn?pe
@n+yn”Dt Lrby

L4 X [= ] -
f(e) = f n= O_Sln[(Zn + Drle 12 ]/IFZn:oBe(ZnTn)z 27)
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Since the periodic charging method was used to monitor OCP changes and adjust
total applied potential in order to maintain constant overpotential for hydrogen charging,
the whole charging process can be viewed as the superposition of each periodic charging.
When measuring OCP, the power is off so hydrogen will diffuse out. Therefore when
using an analytical diffusion solution to calculate the hydrogen concentration, those
power-off periods also need to be taken into account. Therefore, a Matlab script was
developed to decompose the overall charging time into many on/off periods (ton and tofr),
and plugin these ton and tofr into Eqs (27) and do the superimposition. This will give us the
relationship between concentration and charging time for the periodic charging shown in
Fig 33. It’s also worth mentioning that the value of n for the summation of Eqs 26 and 27
is 100.

Since the concentration measured by the G8 Galileo ON/H analyzer is the
concentration when the sample is taken out from the cell and cleaned ultrasonically, which
is happened at where descending part of the concentration plot in Fig 33. Therefore, the
lower bound of the concentration plot should be chosen for fitting to determine diffusivity.
Given that there are off periods that existed, the C/Cp can never achieve 1 but a value
under 1. Here the concentration ratio after 960 hrs charging has been chosen as the factor
to rescale the theoretical data to make an accurate fit. As we only want to study the
concentration change concerning charging time, not the overall hydrogen concentration.
So all the experimental data should subtract hydrogen concentration from baseline
measurement to get the concentration change after charging. The maximum concentration

value of the experimental data has been chosen as
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Figure 33: Demonstration of charging time decomposition for concentration
calculation.
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a factor to scale down all the experimental concentration data to 0-1 in order to do the
fitting. Fig 34 shows what the raw experimental data is and how it looks like after being

processed based on the method described previously.
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Figure 34: Raw experimental data and processed data of 250 mV overpotential
charging.

After all these adjustments for processing the data. The least-square regression
method was employed to do the fitting. The objective function that needs to be minimized
is: G(D) = X1(Cexp — Csim)?, 0 here is the number of the individual experimental data

point. Fig 35 is an example of fitting for 500mV charging as well as a plot of experimental

data and its fitting result.
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Figure 35: Example of diffusivity fitting (400mV) and comparison of theoretical
data, experimental data, and literature diffusivity value

By doing fitting in the way described above, we obtained the hydrogen diffusivity
in the pure nickel. However, the diffusivity value is slightly lower comparing to the values
in published literature. Table 3 is the result of our fitting, the average is 68 + 37 um?/h,

while the published hydrogen diffusivity value in nickel** is 119um? /h.

Overpotential Diffusivity
(mV) (um2/h)

250 91+31
300 63+40
350 64 +41
400 64+43
450 60+36
500 60+32
Average 68-+37

Published valuel 119

Table 3: Diffusivity fitting result for constant overpotential charging.
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However, given such a large uncertainty, this method may not be a good way to
accurately determine the hydrogen diffusivity of Ni. There are so many factors that come
from concentration measurement, 1-D diffusion model assumption, approximation, and
the fitting objective function determination and optimization that can make determining
diffusivity in this way less reliable. However, the ultimate goal of performing such
calculation and prediction is that the predicted concentration profile based on published
diffusivity value and this analytical 1-D diffusion solution is comparable to the
experimental data, which suggests that the cathodic charging method we introduced can
successfully charge the samples to an equilibrium state with hydrogen and the hydrogen
concentration measurement is also capable of capturing the hydrogen concentration
transient. It also indicates the fact that diffusivity is consistent and independent of
overpotential and the hydrogen entry mechanism under cathodic charging is the diffusion

process.

4.4 Discussions

The works on cathodic hydrogen charging on Ni foil and hydrogen concentration
measurement after charging enable us to have further and a better understanding of
hydrogen electrochemistry happen on Ni surface during charging. We first try to validate
the relationship between charging overpotential and equilibrium hydrogen concentration
which is based on the relation proposed by Kirchheim and Pundt®** and Sievert’s Law®> %,

described in Eqgs (2-4). But it turns out to has a very large discrepancy between the

expected value and our experimental data. We tried to come out with some explanation
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such as a high resistivity surface layer causing a large potential drop during charging so
that the effective overpotential on the Ni surface is significantly lower. Based on simple

calculation given the resistance of the whole system is 12 Q (measured by potentiostat)

and assuming the resistance is negligible except for the sample, a 1 um thick surface layer
with a resistivity of 1.5 X 10°Q/m can cause a 90% potential drop. This results in only
10% of the total overpotential on the sample surface, which lowers the calculated
concentration to the same as what we measured. Furthermore, 1.5 X 10°Q/m is very
nearly the same as the resistivity of deionized water. However, this has too many unknown
factors and needs further investigation. After analyzing the data we have, a surface
coverage-dependent model is proposed. Different from what people used to control during
hydrogen charging, such as overpotential or current density, to charge metal samples with
hydrogen to different equilibrium concentrations. We found out the surface coverage of
hydrogen is indeed the parameter or property that governs how much hydrogen the sample
can uptake at equilibrium. This is derived from the fact that at equilibrium, there is no net
hydrogen exchange between the Ni surface and its interior. Therefore, the thermodynamic
relationship relates the equilibrium hydrogen concentration to hydrogen surface coverage
by Eqn 8. Based on the equilibrium hydrogen concentration we measured and published
DFT calculation data, the surface coverage profile at Ni surface has been created. The
surface coverage of hydrogen can exceed 1, as shown in Fig 29. This may result from a
few tetrahedral sites in the Ni FCC lattice are occupied by hydrogen and the site to lattice

point ratio for these sites is 2:1 instead of 1:1 for the octahedral site.
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Although the hypothesis based on the full H surface coverage and the Volmer-
Heyrovsky reaction pathway addresses and explains the limited H uptake and increasing
current behaviors pretty well, some other alternative explanations were able to stand a
chance to shine but were failed due to all kinds of limitations. One of the candidates is the
surface phase dissolution induced limited H uptake.

As mentioned in the previous section, While oxide formation on Ni is only
expected under anodic polarization**, cathodic charging of Ni under the conditions used
here causes the formation of surface phases rich in Ni, O, H, and S by a process thought
to involve the oxidation of a thin Ni hydride layer. The hydride or H-rick surface layer can
then decompose and dissolve from the N sample into the electrolyte. Therefore, by
knowing the amount of Ni atoms being dissolved into the electrolyte and assuming the
surface phases have a certain H to Ni atomic ratio, the amount of the H atom loss and its
corresponding current loss can then be calculated. Fig 32 is the Ni content vs charging
time at various overpotentials. The slope of the plot represents the Ni dissolution rate and
can be determined using the linear fitting method. The H to Ni ratio is 1.43 based on the
hydrogen concentration measurements mentioned in the surface phases study by Jiang et
al'®. Ifthe current loss is similar to the current difference between different overpotentials
illustrated by Fig 36, the limited H uptake can then be completely explained by the surface
phase dissolution. To validate this hypothesis, we conducted the Inductively coupled
plasma mass spectrometry (ICP-MS) measurement to monitor the Ni concentration of the
electrolyte during cathodic charging. The current loss due to the H loss from the surface

phases dissolution can then be calculated and compared to the current difference across
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different overpotentials. The calculated current loss is close to the current at the low
overpotentials range (0 to -300mV) but is 2 to 3 orders smaller at the high overpotential
range (-400 to -600mV). Therefore, the hypothesis of dissolution of Ni surface layer is not
sufficient to account for the limited H uptake.

One other explanation is that there may be a low diffusivity surface barrier that
slows down the diffusion process of the H atom into the Ni sample. Some studies reported
extremely low H diffusivity of surface metal oxide films that can retard the hydrogen

192, However, as the surface phases that formed on

embrittlement effect on stainless stee
the sample is about 150nm, such a thin film with low H diffusivity may not have a
significant influence on saturating the sample with H given that the Ni samples have been
charged up to 24 hours. In fact, we simulated the hydrogen diffusion with consideration
of such a low diffusivity layer for different layer thicknesses shown in Fig 37. The
characteristic time for the sample to be 90% charged with H decrease with decreasing
layer thickness and approaching the time without low diffusivity layer when the thickness
i1s down to nm scale. Therefore, such a low diffusivity layer with nm scale thickness will

not have a significant influence on the saturation time and is unable to explain the limited

H uptake we observed.
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Figure 36: Nickel content vs charging time at various overpotentials. The red dotted
line is the predicted Ni concentration vs charging time assuming the formation rate
of the Ni-containing phases is equal to the dissolution rate and phases consist of 100%
NiH2S0s with 30% coverage and 150nm thickness.

The high resistivity layer could also hamper the HER and the consequent H uptake
into the Ni sample by inducing a large IR drop to reduce the effective overpotential at the
Ni surface. However, without switching of HER reaction from Tafel to Heyrovsky,
increasing resistance for the whole circuit due to the formation of high resistivity layer
alone must result in a decreasing current density under constant overpotential, which is

contradicting to what we observed. Therefore, a high resistivity layer could be part of the

hypothesis we proposed to some extent as the formation of superstoichiometric hydrides
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requires partial ingress of the atomic hydrogen through the surface layer into the Ni surface

that the surface layer needs to be electron resistive and ion conductive.
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Figure 37: Characteristic time to achieve 0.9 C/Co with a low diffusivity layer (D =
0.1pum?/h) vs layer thickness. The time to reach 0.9 C/Co without the low diffusivity
layer is 4.6 hours.

One last alternative is the inhibition effect on HER by halide ions!®* 1% (e.g.,
chloride!'®®) and on H adsorption!”’. This explanation falls apart similarly to the high
resistivity layer by itself that the chloride ion inhibits the HER by decreasing the current
density with an increase of chloride concentration, but what we observed is a continuing

increase in current but limited hydrogen concentration. Therefore, what matters is why the

H uptake reaches a ceiling rather than the amount of H being generated and uptake is lower
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than expected. In a nutshell, an appropriate hypothesis should address the question of
where those H' ions are being reduced and then being adsorbed into the samples rather
than the rate of HER and how much H" ion is being reduced.

Hydrogen evolution reaction under cathodic charging in the acidic aqueous
environment usually has two possible reaction pathways: Volmer-Tafel and Volmer-
Heyrovsky. During charging, electrons carried by the current from anode will first interact
with H" at Ni surface to reduce it to the adsorbed hydrogen atom, which is the Volmer
reaction. After that, if the surface hydrogen coverage is low, there is a possibility that two
hydrogens will meet and recombine to form Hz and escape from Ni surface to atmosphere
in the form of the gas bubble, which is Tafel reaction (Illustrated by Fig 38.a). Tafel
reaction also creates a new site for the next charge transfer. Therefore, the charge transfer
rate will be limited by how fast those adsorbed hydrogen atoms recombine and escape
from the Ni surface. Charge transfer and hydrogen recombination happen in a sequence
order for the Volmer-Tafel reaction pathway. This further implies that current during
charging will finally be limited by the hydrogen recombination rate or the Tafel reaction
rate to a certain value no matter how large the potential is. We did not observe this current
potential behavior from our charging experiments. On the other hand, for the Volmer-
Heyrovsky reaction pathway, the electrons do not have to interact with H" at Ni surface to
complete the charge transfer. Instead, it can directly interact with H" in the solution

(Illustrated by Fig 38.b).
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Figure 38: Hydrogen evolution reaction pathways: a. Volmer-Tafel; b. Volmer-
Heyrovsky

After charge transfer, it will combine with another H atom to recombine into H>
and escape, which does not require an open site on the Ni surface. This means hydrogen
recombination rate and surface coverage will not limit the current. The current-potential
behavior we observed is consistent with it so we propose this hydrogen surface coverage
model follows the Volmer-Heyrovsky pathway for the hydrogen evolution reaction. The
hydrogen surface coverage of our charging experiments is all very close to 1, which
implies the charging is happening with almost full coverage of hydrogen and this again
supports that the pathway should be Volmer-Heyrovsky.

Since the Ni surface is fully covered with hydrogen atoms, it is highly possible to
form H-rich thin film such as Nickel hydride, Nickel hydroxide under cathodic charging.

In fact, a recent study by Jiang et al reports the formation of Ni-O-S-H surface phases on
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the Ni samples and cathodic charging condition that is identical to what we present here.
From Fig 26, we can estimate the hydrogen concentration when the Ni surface is under
max H surface coverage is ~2000 a.ppm. Therefore, the corresponding surface H to Ni
ratio can be calculated to be 4.5:1 and 72 H atoms/nm?. Thus, this suggests the formation
of a super stoichiometric hydride layer NiHa4s5. However, there are first principles DFT
studies indicate that as the stoichiometric number of the Ni hydride NiHy, x>1.25, the
corresponding super stoichiometric Ni hydride will have higher energy than bare Ni (by
up to 150kJ/mol, in the case of NiH3)*.

Such a high-energy Ni hydride phase is likely to undergo exothermic
decomposition and form products with lower energy. Ni hydride is also reported to have
a much higher electrical resistivity than pure Ni’° while it usually is also an ion
conductor!®®. Thus, the formation of such Ni hydride may require some H" ion to ingress
through the already formed surface Ni hydride layer and participate in the Heyrovsky
reaction at the Ni surface as this is a less resistive path compared to the reduction reaction
at the surface of Ni hydride which needs electron coming through the hydride layer. So
this raises one open question for future study, which is where does the charge transfer
process actually occur at different H surface coverage. Although the Tafel slope analysis
and derivation can yield theoretical prediction, direct experimental observation is also
required to have a further understanding of the charge transfer mechanism.

Besides, as the ingress of the H for the charge transfer process is a less electrical
resistive pathway compared to the electron moving through the Ni hydride layer, the

charge transfer resistance should reflect these changes. Therefore, further study on the
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charge transfer mechanism using EIS should be conducted. However, it is worth
mentioning that the Ni hydride is unstable and likely to decompose and form other phases
with lower energy which can result in some non-uniform distribution of these products
covering the Ni hydride. This characteristic of the surface may complicate the
interpretation of the EIS measurements, demanding some specialized analysis and
measurement methods, such as the constant-phase-element (CPE) model by Brug et al.”,
or localized EIS microelectrodes capable of probing the local impedance ’!. Some other
techniques based on EIS can also be considered, such as Mott-Schottky analysis for
electrolyte/semiconductor junctions, which can provide insight into the electronic nature
of the Ni hydride layer.

Our findings also suggest that there is a fundamental limit of adsorbed H atoms or
H surface coverage at the Ni sample surface under an electrochemical aqueous
environment which may eventually restrict the amount of hydrogen uptake into the Ni-
based alloys. Therefore, there is a limit to the extent of HE or other H-induced properties
degradation that Ni-based alloys may experience under a similar service environment.
Such a limit of the adsorbed H atoms or H surface coverage is ultimately related to the
recombination processes that consume the surface adsorbed H atoms to form molecular
hydrogen and evolve, instead of diffusing into the metal. Thus, anything that can hinder
such processes can increase the H surface coverage and may eventually increase H uptake.

On the other hand, enhanced recombination processes would reduce H surface coverage

and lower H uptake.
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There are a number of groups VA and VIA elements that have been studied to be
responsible for inhibiting the H recombination processes, enhancing hydrogen uptake,
and are therefore termed as recombination poisons, such as P, As, S, Se, and Te!'®!'!!,
However, the mechanism of such promoting H uptake action is still controversial, not fully
understood, and appears to be little agreement on the effect of different elements. For

example, Bockris'!?

et al. studied the permeation rate of electrolytic hydrogen through
Armco iron in an acidic and alkaline environment with the effect of cyanide, iodide,
naphthalene, and nitrile using electrochemical permeation technique. They reported these
compounds to inhibit the HER, increase the H permeation rate but decrease the H surface
coverage. They attributed the enhanced H adsorption to the lower energy of M-Hags bonds
and the inhibited H recombination and decreased H surface coverage to the preferential
adsorption of those recombination poison on the metal surface that reduce the H
adsorption and recombination sites. This proposed mechanism is followed by Dull and
Nobe!!® on the study of other poisons on iron as well as the theoretical modeling and
simulation by Conway and Jerkiewicz!'*. In a similar but slightly contradicted way, other
researchers such as Dafft*! et al. and Radhakrishnan'® et al. reported enhanced H
adsorption by the recombination poison due to the inhibition of the recombination reaction
which results in higher H surface coverage that facilitates the H adsorption. H»S is also a
common recombination poison that has been studied extensively'® !>, While Frumkin!!¢

and Hickling!!” have used the electrochemical method to characterize cathodic Pt

electrode and found that H>S can decrease the M-Hags bonding energy and reduce the H
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surface coverage, a recent study by Fuji et al. showed that although H>S can drastically

improve the hydrogen adsorption, the surface H coverage remains unchanged.

In view of the above, despite the widely accepted fact that recombination poison
can enhance the H uptake by inhibiting the recombination reaction, there is still no definite
answer to how the poisons will affect the H surface coverage that determines the H uptake
limit of the metals fundamentally. In addition, to the best of our knowledge, although there
are a lot of the studies regarding the recombination effect on the H uptake rate, such as
those mentioned above, there are few studies but the one by Newman and Shreir!!® that
has attempted to determine the H uptake limit by saturating the steel sample with hydrogen
in the solutions that containing recombination poison. They investigated the saturation
solubility of hydrogen in steel in solutions containing various poisons such as S, P, Se, Te,
and As and the hydrogen in steel after charging is determined by volumetric estimation
based on vacuum extraction. They reported increased hydrogen saturation solubility after
the addition of the recombination poisons. However, there is no direct evidence or
procedure for guaranteed H saturation nor does the H measurement is adequately accurate.

Coincidentally, these two aspects are exactly the strength of our experiments.

In addition to this, there are a number of papers on the study of the influence of
alloy composition, microstructure, texture, and defects on H uptake of different metals.
Take steels, which have been studied most extensively, as an example. It is reported by
Hill and Johnson'! that the solubility of steels increases with carbon content while other
alloying elements such as Cr, Ni, Mo, Si and Cu are found to decrease the hydrogen uptake

120

in iron alloys by Kim'“" ef al. The hydrogen uptake kinetics of Mg have been shown to
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improve by reducing grain size and introducing defects of the materials which enable
shorter and faster diffusion pathways'?" 122, Nevertheless, the study of the influence of the
above factors on the H uptake is still deficient for Ni and Ni-based alloys, not to mention
being systematic. Similar to the studies of recombination poison on the H uptake, the
above mentioned studies on H uptake are largely rely on electrochemical permeation
methods to characterize the H uptake, which is not ideal for determining the limit of H

uptake when comparing to the H saturation charging and direct H content measurement.

Therefore, further investigation into not only the effect of hydrogen recombination
poison but also composition, microstructure, texture, and defects on the H uptake limit of
cathodically charged Ni-based alloys using accurate hydrogen content determination and
saturation H charging like the ones we employed for our experiments is of great interest.
It can enable us to better modify the materials to accommodate different needs, from
corrosion-resistant applications to H storage applications. This can also be very helpful to
further understand the HE susceptibility of these corrosion-resistant alloys and can lead to
new strategies when applying cathodic protection to those metals that are in service.

Our proposed mechanism for the HER and H uptake behavior all suggests the
existence of an atomic scale thick, superstoichiometric Ni hydride layer at the Ni sample
surface during the charging process. Based on the removal of the film via ultrasonication,
we also believe that the film is rather fragile and maybe only metastable in the air.
Therefore, a fast and Non-vacuum characterization technique is needed to study the thin
film. Priority among priorities is how to find and characterize the thin film. Due to its

composition are mainly hydrogen, which is very small that common surface

100



characterization technique such as XPS is not capable of characterizing. Neutron

37,123-125 gince neutron

reflectometry can be a suitable tool for this interface characterization
will interact with the nucleus of hydrogen, not with electrons, which will give a fair strong
enough signal even with nickel as substrate. It has angstrom-level depth resolution which
is also ideal to detect such a thin film. Due to the high penetrability of neutrons through
various materials and media, it is very suitable for in situ studies®’. Therefore, neutron
scattering measurement during in situ hydrogen charging will be a very viable option.
XRD, due to its fast scan ability and easy sample preparation, is another promising
characterization technique to study the thin film at the Ni surface under cathodic charging.

Finally, some other materials, including Ni-base engineering alloys such as
Inconel 718, 725 may also be used for future study. Since these alloys are typically
designed to resist corrosion, understanding their property and hydrogen uptake behavior
under cathodic charging can further improve the development and utilization of corrosion-
resisted alloys. These materials have different compositions and microstructures that may
affect the surface HER mechanism. For example, the tetrahedral site in the Ni fcc lattice
has a site to lattice point ratio of 2:1 while the octahedral site is 1:1. Thus, different
microstructures of the sample may result in various combinations of different hydrogen

interstitial sites that can eventually affect the maximum H surface coverage as well as the

HER mechanism.
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5. LOCALIZED CORROSION INITIATION AT NI SURFACE UNDER
CATHODIC CHARGING

5.1 Introduction

Cathodic charging is an electrochemical process in that electrons have been driven
to flow towards the sample surface and exit from the surface into the electrolyte. This
characteristic enables the reduction reaction occurs on the cathode that the surface is being
protective globally against corrosion, which is essentially an oxidation reaction process
that the electrons are being taken away from the sample. Therefore, it is a common
understanding that samples under cathodic charging should be protected against corrosion
macroscopically. However, many studies are reporting the observation of localized

21,126-129 \yith the work by Liu et.al.!® being the most

corrosion under cathodic polarization
recent and relevant one to the condition in this study. These corrosion features are mainly
crevice or pitting, which are common localized corrosion types. In our study, we present
an experimental observation and investigation on the localized corrosion pittings on Ni
surface under cathodic charging. The initiation of the localized corrosion pitting is found

to be related to the full coverage of the surface phases as well as the change of the

semiconductor behavior with increasing overpotential.

5.2 Methods
The Ni samples are the same 50 pum thick pure Ni foils used in the studies
introduced previously. The surface remains unpolished with a surface roughness of

~100nm. The cathodic chargings under constant overpotential are consist of various
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overpotential (350mV, 400mV, 450mV, 500mV, 525mV, 550mV and 600mV) and
different charging time (6hr, 12hr, 18hr). The way to keep constant overpotential has been
introduced previously in chapter 2.

To retain the surface phases intact and assess the evolution of surface phase
coverage, the charged samples were only gently dried without ultrasonicate after
extraction from the electrolyte and before the characterization.

The SEM observations and EDS measurements were all performed using the
LYRA FIB-SEM. EDS measurement is similar to the measurement introduced in chapter
3, focusing on the O and S maps to determine the coverage of the surface phases. However,
in order to make EDS maps across different charging conditions to be signal quantitatively
comparable, all EDS map scanning time is 30 mins and all the other parameters were set
to be identical.

The coverage of the surface phases was determined by conducting image
processing of the O and S maps from the EDS. The raw output of the O and S maps from
the EDS instrument consists of corresponding element signal counts at each scanning point,
representing the elemental distribution and abundance. This data was imported into image
J and converted into a binary map with a 0-256 intensity range. The same threshold was
used to distinguish the surface phases from Ni substrate based on the converted elemental
signal intensity. By doing so, the surface phase coverage across different overpotentials
and charging time can then be determined with a uniform standard, which is essential for

direct comparison.

103



Mott-Schottky measurements were conducted at different times of the charing (Oh,
8h, 18h, 28h) at the same Ni sample that has been charged under 600mV overpotential.
The scanning frequency of the Mott-Schottky analysis is 1000Hz with an amplitude of

10mV. The DC scanning potential range is from 100mV.

5.3 Results
5.3.1 SEM observation of surface changes on Ni surface after cathodic charging.

Figure 35 shows the SEM images of a) as-received Ni surface and b) Ni surface
after 48 hours of charging at 500mV overpotential. The as-received Ni surface exhibits
some directional small scratches with ~5 pm in width, which possibly originate from the
manufacturing process. The darker regions should be the carbon-containing surface

contaminant.
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Figure 39: Change of surface condition before and after charging captured by SEM.
a) As-received surface of the nickel foil before charging. b) The surface of the nickel
foil after 24 hours of charging at S00mYV overpotential.
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The surface of the Ni foil after 48 hours charging under 500mV overpotential
appears to be much rougher compared to the as-received one. The curly, filiform features
at the surface should be the surface phases introduced in chapter 3, albeit additional
surface characterizations are needed for confirming the features are those Ni-OSH surface
phases.

By comparison of figure 39 a) and b), cathodic hydrogen charging, especially at
high overpotential and for a long time, changes the surface topography of the sample to
be very rough and therefore increase the active surface area, which is accountable for the

change of open circuit potential (OCP) shown in figure 2.

5.3.2 SEM observation of Ni surface with localized corrosion pitting.

Figure 40 a) shows the surface of a Ni sample after 6 hours of charging under
600mV overpotential. The surface does not exhibit features similar to figure 39, which
appears to be curly and filamentary. Instead, the surface looks more like it consists of
many exposed crystal facets with various orientations. There are no features that appear
to be distinct from Ni but attached to the Ni surface. Figure 40 b) is the zoom-in section
of figure 40 a) which is highlighted by the red circle. It shows a cavity-like pitting with
facet-like inner faces. The facet-like inner faces suggest that the localized corrosion pitting
appears to be in a junction of several grains with different orientations. The inclusion

inside the pitting has a shape similar to an octahedron with a diameter of around Spm.
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Figure 40: Change of surface condition before and after charging captured by SEM.
a) As-received surface of the nickel foil before charging. b) The surface of the nickel
foil after 24 hours of charging at S00mYV overpotential.
5.3.3 EDS maps of Ni surface with localized corrosion pitting

Figure 41 a) is an EDS layered map with Ni, O, S maps overlayed. We can see the
charged Ni surface consists primarily of Ni. The O, S concentrated area only takes a small
portion of the surface. Many corrosion pittings similar to the one in figure 40 b) were
highlighted by the white circles. These corrosion pittings tend to locate away from the O

and S-rich filament based on the Ni, O, and S maps. The surface phases coverage is ~ 10%

determined by the image processing method introduced in the methods section.
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Figure 41: EDS mapping of the Ni sample surface with corrosion pitting under 600
mV overpotential.
5.3.4 EDS maps of impurity inclusion inside corrosion pitting

Figure 42 shows the EDS maps of the impurity inclusion inside the corrosion
pitting. The surrounding of the corrosion pitting consists primarily of Ni albeit with
evidence of some S and O surface impurities. The Ni and S maps show that there is no Ni
and S content inside the pitting while the O and Al maps indicate that the inclusion inside
the pitting is rich in O and Al. A point spectrum scan right on the inclusion yields a
composition with 51.7 at% in O, 34.2 at% in Al, 14.2 at% in Ni. Therefore, the impurity

inclusion inside the corrosion pitting should consist primarily of some Al-oxides.
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Figure 42: EDS mapping of the impurity inclusion inside the corrosion pitting that
formed under 600 mV overpotential.
5.3.5 Evolution of surface phases coverage based on EDS measurements

To investigate how surface phases coverage varies with charging overpotential, a
series of EDS measurements on Ni samples that have been charged for the same amount
of time (16 hrs) but under different overpotentials were conducted. Using the image
processing method introduced previously in the method section, we can obtain the binary
maps that distinguish surface phases from surrounding Ni substrate, which is

demonstrated by figure 43.
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Figure 43: Binary maps of surface phases over Ni substrate determined by EDS at
various overpotentials.

We can see the surface phases start from rather dispersive, fragmented distribution
at low overpotential, gradually changing to a more connected, filiform-like with increasing
overpotential. It finally appears to coalesce and reaches almost full surface coverage
beyond 550 mV overpotential.

Figure 44 shows the plot of surface phases coverage vs charging overpotential.
From figure 44, we can clearly see that the surface phases coverage, starts at ~20%% under
350 mV overpotential, monotonically increases with increasing overpotential. There is a
significant increase in coverage beyond 525 mV overpotential to ~80%. Coverage of 600
mV is not shown here as the charging process was interrupted due to the current surge
after just 6 hours of charging, which makes the coverage value not comparable to the other

data.
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Figure 44: Surface phases coverage vs charging overpotential.

5.3.6 Charging current surge of Ni sample under 600 mV overpotential charging

When the Ni samples are under cathodic charging, the current/current density will
take up to 5 hours to get stabilized, which corresponds to the stabilization of the surface
condition as the driven steady-state of the surface phases has been achieved, as illustrated
by figure 45 a). However, the current behavior of the 600 mV overpotential charging that
has the localized corrosion pitting initiated behaves differently. Figure 41 b) shows that
the current of the 600 mV charging increased monotonically with charging time and

finally exceeded the current limitation of the potentiostat and interrupted the charging.
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Figure 45: Comparison of the current history of a) 400mV overpotential charging
and b) 600mV charging that has localized corrosion pitting formed.

5.3.7 Mott-Schottky analysis of Ni sample under 600 mV overpotential charging
Mott-Schottky analysis was conducted to investigate the evolution of electronic
properties of the surface phases under 600mV constant overpotential charging. Here we
choose a sample with a much smaller surface area to make sure the total current will not
exceed the current limit of the potentiostat and interrupt the charging. The Mott-Schottky
measurements were conducted on the same sample at different charging times. Figure 46
shows the corresponding Mott-Schottky plot. By fitting the curves and determining the
slope, the type of the semiconductor behavior can then be obtained. The negative slope
represents the P-type semiconductor and the positive slope suggests the N-type
semiconductor. Figure 42 indicates that regardless of the variation of 1/C? among different
charging times, the turning points of the curves are all around -150 mV vs SCE. This
suggests that there is a switching of semiconductor behavior at some characteristic

potential around ~-150 mV vs SCE.
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Figure 46: Mott-Schottky plots of 600mV overpotential charging at various charging
times.

Further analysis of the Mott-Schottky plot yields the N-type donor density, which
is determined based on the slope of the lines that fit the curves. Figure 47 shows the N-
type donor density vs charging time. The N-type donor density increases monotonically
with charging time, by ~2500% after 24 hours of charging. This suggests that the defect

increases dramatically inside the surface phases as the charging time increases.
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Figure 47: N-type donor density determined from Mott-Schottky analysis vs
charging time of 600mV overpotential charging.
5.4 Discussion

In this work, we demonstrate the observation of localized corrosion pitting on Ni
surface under 600 mV overpotential cathodic charging. Our measurements show that the
localized corrosion pitting appears to be distributed away from the Ni-OSH surface phases
introduced in chapter 3. The inclusion particles that were located preferentially inside the
corrosion pitting were also observed. Further characterization by EDS indicates that the
inclusion particles consist primarily of Al and O. There are several possible sources for

the Al impurity, including electrolyte impurities, Ni foil impurities, and impurities
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introduced by the sealing epoxy. Based on the EDS maps that with these corrosion pitting
being captured, the weight percentage of the Al to the Ni sample can then be estimated.
Given that there are ~15 pits per 2.5x10° um?, assuming pit depth is ~10 um by eyeballing
and treating particles inside as octahedron that has edges of 4 um in length, we can
calculate the volume of such Al inclusion to be 450 um?® per 2.5x10° um?®. After taking Al
density and Ni density into consideration, we can get the Al wt% to be ~0.002 wt%, which
is much less than the remaining undetermined composition of the Ni foil. This suggests
that the Al impurities possibly originate from the Ni foil. SIMS depth profiling should be
conducted to provide direct and accurate information to validate such a hypothesis.

Another source can be the electrolyte. However, ICP-MS measurements were
conducted for the electrolyte composition, and no Al was detected. Since the ICP-MS
detection limit is 0.005 pg/L, we can confidently eliminate the possibility of Al impurity
from the electrolyte.

The last possibility can be from the sealing epoxy, as the composition information
provided by the supplier shows that it contains metal oxides, even though the specific
composition is not given. I[CP-MS measurement of the same amount of sealing epoxy
immersed into fresh electrolyte for 24 hours yields an Al concentration of ~1000 ng/ml,
which is a significant increase compared to the baseline of fresh electrolyte alone, which
is 7 ng/mL. Therefore, a more detailed investigation should proceed such as using XPS
for Al composition determination, to validate this hypothesis.

The initiation of the corrosion pitting is reported to be related to inclusions such as

Al demonstrated here or other second phases particles'>® *!. Such inclusions or secondary
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phase particles can cause high local discontinuity and therefore, weaken the surface
passive film, either by reducing the thickness or generating localized stress. Additionally,

the point defect model'*

proposed by D. D Macdonald, which has been widely used for
explaining pitting formation and localized corrosion, is based on two important
assumptions. The first one is the termination of film growth due to the cation vacancies
generate and condense at the metal-film layer interface. This suggests the defect density
at the location where pitting initiates can increase significantly, which is consistent with
the findings of our Mott-Schottky measurement and analysis. Although the Mott-Schottky
measurement is conducted on the whole sample surface, not the locale associated with
corrosion pitting. Therefore, more localized or in situ investigation regarding this matter
should be considered and conducted in the future.

The second important assumption of the model is that the passive film is
continuously dissolving, either due to its thermodynamic instability or local pH change.
This is consistent with our conditions and findings. Therefore, localized pH measurement
could provide useful information regarding this assumption.

From the Mott-Schottky measurement and analysis, we not only know that the
semiconductor behavior of the surface phases changes from more corrosion-resistive P-
type to more corrosion susceptible N-type but also confirm that the donor density also
increases dramatically with increasing charging time. The P-type is more corrosion-
resistive simply due to the fact that it mainly contains defects that prevent cations from

migrating from the metal substrate and penetration of harmful anions like CI". The N-type

as being corrosion-susceptible, performing the exact opposite. As a result, the higher the
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N-type donor density it is, the weaker the surface phases is against film dissolution and
breakdown. Therefore, both the semiconductor type and its donor density suggest that the
surface phases are becoming more and more susceptible to film dissolution and breakdown,
which exposes the bare Ni surface to the electrolyte. This combines with the Al impurities
inclusion gives the necessary but insufficient condition for localized pitting initiation.
Further investigation based on Mott-Schottky analysis should also be performed
to further understand how the electronic properties of the surface phases evolve not only
with charging time but also with overpotential. Such as performing Mott-Schottky
measurement on samples under different overpotentials, interpreting surface phases

thickness by conducting further Mott-Schotty analysis.
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6. SUMMARY AND FUTURE WORK

In this dissertation, the surface structure evolution and H uptake behavior of Ni
under cathodic charging have been investigated. The localized corrosion initiation at N
surface under cathodic charging has also been observed and investigated as a side
discovery during the study of the first two parts. The first chapter gives a review of the
current understanding of cathodically charged metal surfaces, with a focus on Ni. The
second chapter introduces various characterization techniques that are useful and essential
to the study of Ni under cathodic charging. The third chapter reported the observation and
further investigation of new surface phases that possess distinct crystallographic structure
from Ni under cathodic charging using complementary characterization techniques along
with 2D XRD. The fourth chapter consists of the studies of the H uptake as well as the
evolution of the HER pathway under cathodic charging. The last chapter gives a brief
introduction and investigation of the localized corrosion features that initiated on the Ni
surface under cathodic charging.

The study on surface phases successfully observed some previously un-noticed
surface phases that are ~ 70mV more cathodic to the surrounding Ni surface, rich in Ni,
O, S, and H with nm scale thickness. These phases are found to be thermodynamically
unstable under cathodic polarization in an acidic aqueous environment that they are in a
driven steady state in which the rate of formation and dissolution equal. A phase formation
mechanism that these phases are likely the decay product of oxidation reaction that surface

Ni hydride reacting with the electrolyte.
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The H uptake study was conducted with its primary goal of seeking indirect
evidence of surface hydride that resulting in the formation of the surface phases. We
successfully charged the Ni samples to the equilibrium state of H and confirming that the
Ni surface is reaching full H surface coverage under cathodic charging, which indicates
that Ni surface hydride can form under such conditions. Additionally, by performing
electrochemical measurements along with Tafel analysis, the switching of HER pathway
from Volmer-Tafel to Volmer Heyrovsky with increasing overpotential and surface H
coverage has also been confirmed. This explains the un-restricted current density behavior
when there is full H surface coverage.

The investigation of localized corrosion suggests that localized corrosion pitting is
likely to occur as the surface phases reach full surface coverage. Surface characterizations
show that some Al-rich impurities inclusions are preferentially located inside the corrosion
pitting sites and the pitting features exhibit crystal facets look. Corresponding Mott-
Schottky analysis indicates that the semiconductor behavior of the surface phases changes
from P-type to less corrosion-resistive N-type with increasing overpotential. Further
analysis shows that the N-type donor density increases with increasing overpotential,
which results in the surface phases layer more susceptible to dissolution and breakdown.

Several directions are proposed here as the future study to improve the current
understanding and connect all the above-mentioned findings to a whole. First is the
investigation of the direct evidence of surface hydride, and neutron reflectometry is one
of the few promising techniques that are capable. The second one is performing more in

situ localized surface characterization to capture the localized transient and interactions at
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the Ni surface. Some of the techniques include but are not limited to S-VET, localized EIS,
and in situ KPFM. This can further improve the understanding of surface phase formation

as well as localized corrosion initiation.
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