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Abstract

Ag-CuO is a broadly used reactive air brazing (RAB) system for effectively bonding ceramics and
metal interfaces, especially for sealing yttria-stabilized zirconia (Y'SZ) to metals in solid-oxide fuel
cells (SOFCs). To understand the superior performance of this braze, density functional theory
(DFT) calculations were employed to investigate two mechanisms that can potentially increase the
work of adhesion (W,q5,) and hence reduce the wetting angle of Ag on YSZ. It was found while
the formation of Ag—dissolved O clusters at the Ag-YSZ interface can promote wetting, a much
greater wetting angle reduction comes from the formation of CuO interlayers between Ag and
YSZ. Further, the W45, of an Ag/CuO and CuO/Y SZ interface was found to be significantly higher
than that of an Ag/YSZ interface. Based on simulation obtained-insights into metal to oxide bond
formation, a simple descriptor was developed to predict Ag/oxide interface energies, predict
Ag/oxide W4y, and search for potential oxide interlayers capable of promoting the wetting and
adhesion of Ag on YSZ. Many simple metal oxides (single cation) were examined, however their
Waan with Ag was less than that of an Ag/CuO interface. Expanding the search to multi-cation
oxides led to several promising candidates, such as CuAlO2, CuGaOz2, and CusTiOs; all of which
are also stable in the reducing SOFC conditions. Depending upon their solubility in molten Ag,
these newly-identified oxides could either be pre-applied as wetting promoting interlayers or
directly incorporated into Ag to form new reactive air brazes.
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1. INTRODUCTION

Adhesive metal/metal-oxide interface bonds are critical in a variety of applications
including the formation of durable passivation coatings, oxide-supported catalysts, solders, and
brazes [1]. For instance, silver-based brazes have been used to separate the fuel (i.e. anode) and
oxidant (i.e. cathode) chambers in solid oxide fuel cells due to their superior toughness and gas
impermeability compared to glass or mica seals [2—6]. In this application, sealing is accomplished
by brazing a yttria-stabilized zirconia (YSZ) electrolyte layer to a stainless steel (SS) support.
Unfortunately, wetting and adhesion problems of conventional silver or copper based brazes often
result in braze joint manufacturing defects (pores) and as-produced joint failure at the braze-YSZ

interface [7-9].

To help overcome the poor wetting and adhesion issues of Ag on YSZ, a technique called
reactive air brazing (RAB) has recently been developed [10—12]. Reactive air brazing is performed
in air, and the braze alloy is intentionally designed to contain minor elements (such as Cu) that
oxidize during brazing to promote wetting and adhesion. In fact, the addition of as little as 4 wt%
CuO reduces the wetting angle of Ag on YSZ from 110" to ~45° [2,13—15]. Further, the fact that
brazing can be done in the air prevents mechanical and electrochemical degradation of the oxygen-
partial-pressure-sensitive SOFC cathode materials during brazing [16—-18]. Lastly, Ag-CuO
reactive air brazes have also shown an ability to bond metals to a variety of oxides including

alumina, lanthanum strontium cobalt iron oxide, etc. [19-23].

As depicted in Fig. 1, two mechanisms have been suggested to facilitate the wetting and
adhesion of Ag—CuO reactive air brazes on oxide surfaces. In Mechanism I, the presence of oxygen
dissolved in molten Ag is hypothesized to cause a 20°-35" drop in Ag on oxide wetting angles when

brazing is performed in the air instead of inert atmospheres [25]. (Note, unlike most molten metals
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at elevated temperatures in air, Ag is thermodynamically more stable than AgO under brazing
conditions [26], suggesting that wetting improvements via the formation of crystalline AgO are
unlikely). In Mechanism II, CuO is hypothesized to improve wetting and adhesion by forming a

CuO-rich phase between the Ag and YSZ [23].

In the first half of the present study, the primary objective is to use atomistic modeling to
determine, without interference from other factors, the extent to which these two mechanisms
occur. We consider this is the basic step toward materials design. To examine Mechanism I, Ab
Initio Molecular Dynamics (AIMD) was used to track the evolution of dissolved Oz in liquid Ag
near the Ag(/)/YSZ interface in Section 3.1. In addition, O2 was initially placed at the Ag(/) surface,
the Ag(/)/YSZ interface, or the Ag(/) center to determine if the dissolved oxygen lowered the
wetting angle by altering either the Ag liquid-vapor surface energy (yLy), the solid-liquid
interfacial energy (ysi,), or both. To examine Mechanism II and determine the effect of a CuO
interlayer between Ag and YSZ, DFT simulations were performed in Section 3.2 to calculate the
work of adhesion, W4y, of the Ag/YSZ, Ag/CuO, and Ag/YSZ interfaces. Ag wetting angles were
then calculated from the computed surface and interface energies. Previous DFT-based surface
studies have laid essential groundwork on the surface structures of these materials. Combined DFT
and thermodynamic calculations have identified the lowest energy facets for CuO to be the
stoichiometric (111) for the entire O chemical potential region where CuO is stable [27,28]. For
YSZ, which has a cubic ZrO: (c-ZrOz) structure, the O-terminated-(111) surface was shown to be
the most stable in the entire oxygen chemical potential range encountered in a SOFC [29,30]. This
is in accordance with the experimental HRTEM images of Ni/YSZ interfaces [31]. The surface

structure of 9%-Y-doped YSZ (111) [32-34], which is shown experimentally to be in cubic phase
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at room temperature, has also been modeled via DFT and will be used as a basis for the present

study [35].

In the second half of the present work (Section 3.3), the objective was to use the conclusion
gained from previous sections (section 3.1 & 3.2) that Mechanism II is the dominant one to develop
a simple descriptor to predict Ag/oxide interface energies, predict Ag/oxide W4y, and search for
new oxide interlayers capable of promoting the wetting and adhesion of Ag on YSZ, while
maintaining stability in reducing environments. Although many theoretical and DFT studies have
shown that for a given oxide surface, metals with lower d-band occupancy (particularly bcc metals)
can induce higher metal-O charge transfer, and hence higher W, q4;, [36-39], studies of the reverse
relationship, i.e. identifying the oxides yielding a higher W, 4, on a given metal (such as Ag), are
scarce [38,40]. New brazing materials with other oxides are needed because the reduction of CuO
on the anode side of Ag/CuO SOFC braze joints (CuO is thermodynamically unstable in the water-
hydrogen mixtures found under SOFC operation [26]) induces pores that mechanically weaken the

joint and limit joint lifetimes [41-44].

2. METHODS

2.1 Geometry Optimization

All calculations in this study were performed using the plane wave DFT implemented in
Vienna 4b Initio Simulation Package (VASP). The exchange correlations were treated with both
the Local Density Approximation (LDA) and the Generalized Gradient Approximation (GGA) by
the Purdew—Burke—Ernzerhorf (PBE) functional, for comparison [45,46]. Projector augmented
wave (PAW) potentials were used to represent the effective electron-core interaction [47]. The

electronic convergence was achieved self-consistently with a plane-wave cutoff energy of 500 eV.
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The two convergence criteria were 10 eV for the total energy, and 0.03 eVA™! for forces during
structural relaxation via conjugate gradient minimization. A Monkhorst-Pack grid with k-spacing
kept below 0.04 A"! was used for convergence within 1-2 meV/atom. The k-spacing results in
(4%4x%1), (2x9x1), and (2%3%1) k-point meshes for Ag/YSZ, Ag/CuO, and CuO/YSZ interface
cell, respectively. Gaussian smearing was employed with a sigma of 0.02 to achieve less than 1
meV/atom contribution from entropy. A spin-polarized calculation was performed with dipole
moment correction along the perpendicular direction of the slabs. For strongly correlated
transitional metal oxide, on-site coulomb interaction as introduced by Dudarev (+Uefr) was
employed [48]. The values of Uesr were taken from previous studies that employed LDA functional.
These were 3.20 [49], 4.30 [49], 2.80 [50], 5.00 [51], 6.00 [52], 7.50 [53], and 7.50 [53] eV for the
transition metals in 0-Cr203, a-Fe203, Rh203, NiO, ¢-CeO2, CuO, and Cu20, respectively. In the
case for GGA-PBE functional calculation of both CuO and Cu20, Uketrof 8.50 eV was used [54].
The details of these oxides, including surface termination, lattice constants, and surface energies

are tabulated in the supplemental materials (Table S1).
2.2 Slab Models for Surfaces and Interfaces

Slab models were constructed to compute surface energies. The surface orientation of each
oxide used in this study was the lowest energy identified in the literature [See Supplement]. All
the oxide surfaces were stoichiometric in this study except the delafossite oxides and CusTiOs, as
detailed in Table S1. Particularly for the O-terminated (111) slab of YSZ, which adopts a cubic
ZrO2 structure at SOFC operating and brazing temperatures [55], the surface structure was taken
from previous computational studies using (Y203)0.09(ZrOz2)0.91 with the most preferable sites for
Y and oxygen vacancies (V") identified [32,34]. Specifically, the V3" was found to be at the

subsurface of the first YSZ multilayer with Y substituting for Zr at the second nearest neighbors
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positions (2NN), in the first and second multilayers [32]. This is in agreement with experimental
observation that Y tends to segregate to the surface [56,57]. The minimum number of layers in
each slab was determined to give converged surface energy, y;y, within £0.02 J/m?; six layers for
both Ag and Ni slabs, whereas for certain oxides, such as ZrO2, NiO, and CuO, three layers were

sufficient, and oxides of corundum type usually required five layers, while Cu20 needed four.

As shown in Fig. 2, all interface simulations utilized, unless otherwise stated, a sandwich
model where two metal slabs sandwiched an oxide slab and 16 A of vacuum was used to preclude
interactions of the top and bottom metal slabs due to periodicity. In the sandwich model, the
number of oxide layers in the middle was a double of that from converged surface energy
calculation. Using this setup, the interatomic distances in the interior of each slab retained bulk
characteristics, eliminating the need for atomic position constraints. To match the metal/oxide
lattices, the sandwich models were constructed using Virtual NanoLab to generate several interface
configurations. All models were constructed with mismatch strains below 6% in all directions. The
interfacial lattice mismatch strain was partitioned equally between adjoining slabs. The relative
lateral positions of the metal slab on the oxide slab were varied to at least 3 positions in order to
identify the most preferable position. All sandwich models were constructed to have at least
inversion symmetry to ensure that the two interfaces were identical, less affected by the dipole

moment, and that the interface energy, y;,, was uniquely defined.

The average interface width (Ad) was defined as the z-distance between the averaged z-
positions of the atoms in the first layer of each side of the interface. For YSZ and CuO, only oxygen
atoms of the outermost layer were taken into account. For liquid Ag, only atoms within £0.5 A

range from the bottom most atom were used to compute the average.

The work of adhesion of the system was defined and calculated using the equation:
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Wadah = (Yiv + V2v) — V12 = (E1 + E; — Eq3)/2A (Eqn.1)

where y;y is the surface energy of the slab i, y;, is the solid-solid interface energy, Ei is the
calculated energy of the slab i, E12 is the calculated total energy of the interface system with slab
1 and 2, and 4 is the model interface area. Therefore, W,4, was computed based on the energy
difference between a simulation cell with slab 1 and slab 2 far apart and where slab 1 and 2 shared

an interface. Then, the interface energy was computed using the relationship y;, =

Yiv + Y2v — Wadn.

The wetting angle corresponding to the W, 4, was calculated based on Young’s equation:

Vsv,oxide — V12 Wadn

cos(Oca) = -1 (Eqn. 2)

Vsv,metal Vsv,metal

where Ygy oxide 15 the solid oxide surface energy from DFT calculation reported in Table S1, y;,
is the DFT calculated solid-solid interface energy from Eqn. 1, Yy metal 1S the solid metal surface
energy calculated by DFT listed in Table S1, and 6, is the estimated contact angle. Except for
one liquid Ag on YSZ interface calculation, all the other interfaces were solid-solid interfaces. It
should be noted that although the absolute magnitude of the 6., values obtained from the solid-
solid interface calculations, instead of liquid-solid, may be overestimated due to the higher surface
energy of a solid compared to its liquid [58], but the calculated trends in wettability are expected

to hold at brazing temperatures.
2.3 Ab Initio Molecular Dynamics

Ab-initio molecular dynamics (AIMD) was used to determine the adsorption and wetting
behavior of Ag(/), with and without dissolved oxygen, on YSZ. At a brazing temperature of 1000

°C, the solubility of O2in Ag is 1.93 mL, which translates to approximately 2 atoms of oxygen per
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200 Ag atoms [59]. Hence, in these AIMD simulations, the Ag(/)/YSZ system was modeled as a
~1 nm thick molten Ag layer containing two oxygen atoms (for a total of 102 atoms) supported on
a YSZ slab three unit cells thick. The basal plane YSZ atoms were fixed in position, the YSZ had
a surface area of 181.44 A2, and a vacuum gap of 13 A was placed above the liquid surface in the
initial structure. This initial structure corresponds to the experimentally measured density of 9.30
g/mL for Ag(/) at 1000 °C [60]. As shown in Fig. 3, three different initial structures were generated
by inserting the two oxygen atoms at either the YSZ interface, within the bulk of the Ag(/), or at
the free surface of the molten Ag. Although the dissolved oxygen concentration used here was
double the experimentally observed amount due to computational limitations, the calculated

energy trends with oxygen position should still be applicable to real-world systems.

Both the molten Ag and the Ag(/)/YSZ interfaces were initially relaxed using classical MD
with a COMPASS force field (Ag=ag m, O in Ag=o0 ag, Y =y3o0, Zr = zr4o, and O in YSZ =
02z) implemented in Material Studio [61,62]. The force field was previously shown to give a
melting temperature of metal closer to first-principle calculations than embedded atom model
(EAM) method [63]. The evolution of these initial structures was simulated by constant-
temperature, constant-volume ensemble (NVT) AIMD using spin-polarized DFT calculations with
GGA-PBE functional. The AIMD calculations were performed at the I'-point k-point. The constant
temperature was controlled at 1280K by the Nosé—Hoover thermostat and the integration time step
is 1 fs for a total of 3 ps. The average energy for the W,q4;, calculation was then obtained by

sampling and minimizing 3 frames from the last 0.5 ps of the AIMD run using (2 x 2 X 1) k-points.
3. RESULTS AND DISCUSSION

3.1 The Role of the Oxygen at the Ag(/)/YSZ interface during Brazing Process
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AIMD was employed to investigate the energetics in Ag(/)/Y SZ interface in order to examine
the mechanism of dissolved O:2 in enhancing wettability, i.e. Mechanism I in Fig. 1. AIMD was
first performed to investigate dissolved Oz in bulk liquid Ag. Dissociation of Oz into Ag—O clusters
was promptly observed, where O atoms formed 2.2-2.3 A bonds with the Ag atoms surrounding
them. This bond length is 5~10% longer than the Ag-O bond length in crystalline Ag20 (2.08 A
in GGA-PBE relaxed structure), a reasonable increase for the liquid phase. Analysis of the system
by pair radial distribution (RDF) shown in Fig. S2 revealed that the nearest Ag-Ag distance peak
was ~2.8 A, in accordance with experimental measurements of pure Ag in a reducing atmosphere
at 1050°C [64]. This indicated that the dilute concentration of oxygen in the Ag did not

significantly alter the bulk behavior of the Ag.

Figure 3 shows three possible sites for Ag—O clusters to be at, including in the bulk (a), at
the surface of molten silver (b), or at the interface of liquid-Ag/YSZ (c). Although not the objective
of the present work, oxygen vacancies in all these initial positions were observed to move around
within the YSZ slab during the AIMD simulations. Figure 3a and 3b show that Ag with Ag-O
clusters in the bulk of the Ag or placed at the Ag-free surface drifted away from the YSZ (yielding
a GGA-calculated W,g, ~ 0 J/m? that may be a low considering the fact that GGA tends to
underestimate binding energies). In contrast, Fig. 3c shows that Ag with Ag-O clusters at the
Ag(l)/YSZ interface remained attached to the YSZ with a GGA-calculated W,q4;, = 0.43 + 0.01
J/m?. The arrangement in Fig. 3c, denoted henceforth as {Ag(/)+20}/YSZ, had a lower overall
energy than those in Fig. 3a and 3b, indicating that changes in the Ag(/)/YSZ interface, and not
changes in the Ag free surface energy, are responsible for the Ag wetting enhancements

experimentally observed when switching from inert Ag/YSZ brazing atmospheres to air [7,10].
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Without the dissolved Oz, the pure liquid Ag has an average W4y, (on YSZ from GGA-
PBE functional) of only 0.11+0.01 J/m?, resulting in a contact angle of 149" (Table 1). This is
consistent with experimental observations showing that liquid Ag does not wet YSZ [7]. Although
the results from GGA may be overestimated, the trend and the relative change of the wetting angles
are expected to be reliable as will be shown in the next section. As shown in Table 1, the
{Ag()+20}/YSZ wetting angle was 38° less than that for pure Ag(/)/YSZ, in agreement with a
30° drop observed experimentally [7,69] (Table 1 also shows that the binding energy
underestimated by the GGA-PBE method resulted in wetting angle predictions that were ~25°
higher than those observed experimentally). Figure 3c also shows that the two oxygen atoms
originally dissolved in the Ag near the Ag/YSZ interface hopped into the YSZ substrate, filling
two YSZ oxygen vacancies in the process. The resulting increase in the YSZ surface oxygen
vacancy concentration likely contributed to the increased W, 4, by providing additional sites for
Ag-0O bonding across the interface. Together, these results confirm Mechanism I (the hypothesis
that oxygen dissolved in molten Ag is responsible for the ~20°-35" drop in Ag on oxide wetting

angles when brazing is performed in air instead of inert atmospheres).
3.2 Enhancement of Interface Adhesion by CuO

Before studying these solid interfaces, the accuracy and reliability of the results were
evaluated. A Ni/YSZ interface was employed because of abundant existing computations and
detailed experimental results, in contrast to limited studies of Ag adhesion on YSZ or ZrOz. Table
2 shows the surface energy, interface energy, and W,q, from GGA and LDA functionals for
Ni[110](111)||[YSZ[110](111) interface shown in Fig. S3. The W,q, agreed well with the
experimentally measured values. In fact, the LDA-predicted W,gp, of 1.42 J/m* was within 5% of

the 1.48 J/m? value obtained by converting Nahor et al’s experimentally measured
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Ni[110](111)]]YSZ[110](111) interface energy and surface energies. The interface energy was
measured from Winterbottom analysis of the same Ni[110](111)|[YSZ[110](111) interface,
equilibrated by annealing at 1350 °C in high-purity inert gas and Hz (Po2 = 10"%°) [65,68]. As W41,
is the primary focus of the subsequent sections, LDA functional was considered to give comparable
results to the experiments. Further discussion on validation of the model and comparison to

previous computational studies of related interfaces can be found in the supplemental materials.

To evaluate Mechanism II (the hypothesis that CuO interlayers atop YSZ promote Ag
wetting and adhesion), W4y, values for Ag(s)/YSZ, Ag/CuO, and CuO/Y SZ were calculated using
the solid-solid interfaces shown in Fig. 2a-d. Solid interfaces were used because components are
eventually solidified and during actual SOFC operations, the strength of braze/YSZ interface was
then determined by the adhesion of the two interfaces of Ag(s)/CuO/YSZ. Also, the work of

adhesion with liquid Ag is likely to follow the same trend with solid Ag.

As shown in Table 1, the trend of the results from both LDA and GGA-PBE exchange
correlations functionals agreed that the presence of CuO leads to a more adherent braze. The closer
interface distances shown in Fig. 2 and the Ad values of Table 1 also correlated well with the
increased W,4y,. The higher W4, resulted in reduction of wetting angle of ~48° when replacing
Ag/YSZ with Ag/CuO. Particularly from the prediction by LDA functional, the increment in W g4,
alone would theoretically be substantial enough to make Ag wettable on CuO (<90°). On the other

hand, the high W,4;, for CuO/YSZ indicates that CuO can firmly adhere to YSZ.

While the liquid-solid interface mimics the braze processing condition and the solid-solid
interface represents the solidified braze during SOFC operation, the adhesion and wetting angle

between solid-solid and liquid-solid are directly related. Hence the results from one can be
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translated to the other. Even though these simulations were performed on solid-solid interfaces,
these conclusions should hold for a system with molten Ag for the following reasons: 1) both
experimental measurements [58] and thermodynamic derivation [70] have shown that solid Ag
surface energies are systematically higher by ~20-33% of those of liquid Ag, the computed W4,
on different interfaces should follow the same trend for liquid and solid Ag. 2) Wetting angles of
many liquid metals are known to be a very weak function of temperature (for example, the W, 4, 0f
Ag(]) on ZrO: only changes by 0.05 J/m? from 1000 to 1300°C [8,9,71]). Thus, the absolute values
of the W4y, and 0., obtained from the solid-solid interface will be overestimated due to the higher
surface energy of a solid compared to its liquid [58], but the calculated trends in both values are

expected to hold at brazing temperatures.

It should be noted that the experimental wetting angles of Ag/CuO listed in Table 1 were
not taken from pristine experiments as for Ni[110](111)||[YSZ[110](111) interface.[65] The
contact angle of Ag/CuO [10] was taken from the test of liquid Ag droplet in the air on YSZ with
a high concentration of CuQO, until the contact angle converged with respect to the amount of CuO.
Thus, in practice, the experimental result has a combined effect from Mechanism I and II.
Nevertheless, these experiments show similar contact angle change that can be interpreted from
the present study. We have shown that in Mechanism I, the presence of oxygen in Ag/YSZ can
reduce the contact angle by ~38°, and forming CuO on YSZ will further reduce the contact angle
by ~48" from Mechanism 11, yielding an overall ~86" reduction in contact angle when braizing in
the air. This is consistent with the experimentally observed 110° drop in contact angle (from 120’
to 107). [10] The rest of the discrepancy can be attributed to the use of solid-solid interface in the

simulation and liquid-solid interface in experiments.

3.3 Identification of Other Potential Oxide-Forming Alloying Elements

12
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A descriptor that correlates a simple interface structure and bond strength to interface
energy at the Ag/oxide interfaces was identified to facilitate the search for potential oxides. The
descriptor was based on the results from the projected density of states (PDOS, Fig. S4), which is
discussed in the Supplemental Materials and indicates that interfacial bonding occurred primarily
from the metal-oxygen bonds. The calculations pertaining to descriptors were performed using

LDA functional only as results from previous sections indicate comparable W, 45, to experiments.
3.3.1 Formulation of a Descriptor Using y;, and W .4, in a Predictive Model

The aforementioned descriptor was developed based on the definition of the interface
energy, i.e. the excess energy introduced by the interface compared to the bulk structure. The first
assumption used in this descriptor was that no new Ag-oxide phases formed during brazing. Since
the Ag-Ag bond strength is much lower than that of metal-oxide bonds, the descriptor was
simplified to only account for 1) the number of unsaturated cation and anion bonds per unit surface
area, and 2) the energy changes per unit surface area caused when a portion of the oxygen dangling
bonds on a surface was replaced with the newly formed Ag-O bonds across the oxide-Ag interface.
This leads to the newly formulated the descriptor (Ymo):

f((Ny + No) X |Em—ol) — (No X |Eag—ol)
Amo

XMo = (Eqn.3)

where Ny and Ny were the number of dangling bonds on the surface cation and oxygen atoms,
respectively, in an oxide surface unit cell, Ey_o was the bond enthalpy of the oxide as defined by
oxide formation enthalpy (AH¢mo) divided by the number of bonds in a unit cell, Exg_o was the
bond enthalpy of silver oxide (Ag20), and Ay o was the surface area of an oxide unit surface. f

was an empirical structure factor assigned to be 1 for all studied oxides, except most of the

13
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corundum oxides such as Al203, Cr203 and In203 which, as highlighted in Fig. 4b, contained

protruding surface cations necessitating the use of /=2 (further explained in the next paragraph).

Figure 4 shows the surface and interface structures used to calculate the descriptors for
three sample oxides: CaO , a-Al2O3, and Fe2Os. Figure 4a shows that on the {100} surface of CaO,
both Ca and O have one dangling bond (resulting in Ng, = 1 and Ng = 1). Dividing an LDA-

calculated AH¢c,0 = -6.78 eV (which is comparable to -6.39 eV obtained by extrapolating NIST

-6.78 _

database data down to 0 K), by the 6 Ca-O bonds per unit cell yields Ec,_g = — = -1.13

eV/bond. In a similar fashion, LDA calculated the relaxed structure Epg_q to be -0.14 €V/bond.

The relaxed CaO {100} surface has Ac,o of 11.14 A% Together with f=1, this yielded a y c,0 of
0.19 eV/A3. Figure 4b shows the surface structure of corundum-type oxides, represented by Al2O3
(0001) and its relaxed interface with Ag. It has a Ny, = 3, a Ng = 3, a LDA calculated relaxed

structure A0, = 19.40 A?, and a LDA calculated relaxed structure AHy Alo; = -17.42 eV which

resultedina Epj_g = — % = -1.45 eV, with an ffactor of 2, this yielded a y 41,0,0f 0.85 eV/A3,

Among all the corundum oxides tested, namely Al2O3, Cr203, In203, and Rh203 all have protruding
(0001) surface cation (pointed out by the yellow arrow in Fig. 4). The protruded cation prevents
the silver slab to get closer to the oxygen layer (Fig. 4b), where the Ad of Ag/ALOs is 2.58 A
compared to 1.81 A in Ag/Fe2Os (Fig 4c). This behavior may account for the weak Ag/AL>Os3
bonding reported in the literature.[72] Consequently, to account for the increase in interfacial
energy, /=2 is used for most of the corundum oxides with protruded cations. It is interesting to note
that all the corundum type oxides studied here, except Fe203, had protruding (0001) surface cations
that necessitated the use of £ = 2. In Fe2Os, whose cation, Fe**, submerges beneath the oxygen

layer after the relaxation so it does not interfere the Ag-O bonds (Fig. 4c). This means that there
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is no need to increase the structure factor, so the calculation of yy;g for Fe2O3 follows the similar
manner as Al2O3 but with /=1 for the smooth top O layer. Table S1 of the Supplemental Materials

summarizes all the descriptor calculations performed in the present work.

The unique behavior of Fe2O3 may be due to its strong 3d electron interaction with the
oxygen polyhedron. In M203 corundum oxides bulk structure, the cation M** occupies 2/3 of the
oxygen octahedral sites. On the M*" terminated surface, the protruding M>" without unpaired
electrons will relax toward the oxygen due to electrostatic interactions, as for Al2O3 and In20:s.
Comparing Fe**(3d°), Rh**(4d®), and Cr’*(3d%) in Cr203, Rh203, and Fe20s, respectively, the
interaction between the oxygen octahedral may attract Fe*"(3d%), which has the most unpaired d-
electrons to move underneath the top oxygen layer. Due to the complexity of computing strong

correlated d-electrons in transition metal oxides, more research is warranted.

It should be noted that the use of surface energetics, classical view of charge transfer, and
metal-oxide formation energies, to formulate a descriptor to relate directly to interface energy y;,
and work of adhesion W, 4, for Ag/oxide interface has been tried, but we did not find no strong

correlation.
3.3.2 Descriptor-Based Prediction of Interface Energy and W .4,

Figure 5a shows the DFT computed interface energy and its relationship with oy in
various types of oxides. The interface energy monotonically increases with the descriptor. The
simple descriptor defined in Eqn. 3 enables assessment of oxide properties that will lead to high
or low interface energy. Two factors can affect the interface energy; one is the oxide bond energy
(|Em—ol), which has a chemical nature. The other is the density of the dangling bonds, which

depends on the geometry of the surface. The increase in either of these would increase the value
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of descriptor, and hence the interface energy. In Fig. 5a, the interplay between these two factors is
evident. For example, ZrO2, which has the highest bond energy among oxides in this study (-2.39
eV/bond), did not show the highest interface energy. Al2O3 has the highest interface energy,
although its bond energy of -1.45 eV/bond is not as large as ZrOz. This is due to a different surface
geometry, as Al2Os3 contains 1.7 times larger surface dangling bond density than ZrOa. In fact, the
oxides with higher interface energy with Ag (Fig 5a) was dominated by corundum type oxides. On
the other hand, in the lower region of interface energy, although Rb20 and CdO both had similarly
low bond energy of -0.46 and -0.43 eV/bond, respectively, Cu20 with the bond energy of -0.51
eV/bond exhibited much lower interface energy due to its low dangling bond density of 0.07
bonds/A?, compared to 0.11 and 0.18 bonds/A? of Rb20 and CdO. This simple descriptor also
means that if oxides of interest possessed the same surface geometry, and likely the same crystal
structures, the descriptor could be approximated by just the chemical feature — the bond formation
energy, or equivalently oxide formation energy. This trend can be seen in Fig 5, as different
crystalline structures were labeled with different symbols. Therefore, for oxides within the same
crystalline family, both interface energy and W,4;, can be simplified to correlate with their
formation energies as shown in Fig. S6 for corundum and rock salt oxides and suggested by Li et

al. [40].

The results plotted in Fig 5a demonstrated that the descriptor is well-correlated with the

DFT calculated interface energy, which increases with the descriptor. A fitting equation:

yPed = 0.55In(x mo) + 243 (Eqn. 4)

was obtained with a coefficient of determination R? = 0.95. Hence, this equation can be used to

estimate interface energy (ylpzred) solely based on the descriptor. The predicted interface energy
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was then used to predict Wa%rhed as defined by Eqn. 1, with tabulated surface energies, which is
easier compute with DFT calculations. In this study, the surfaces of these oxides were selected
based upon a criterion of being the lowest surface energy. The individual surface energy of these

oxides is tabulated in Table S1 and discussed in the Supplemental Materials.

The predicted VI/a%F}fd was plotted against the DFT-calculated W, 4, in Fig 5b, which also
demonstrates satisfactory accuracy (Fig. 5b). The conclusion obtained from the two ends of the
Waan plot indicated that ZrO:2 as well as YSZ were among the most difficult oxides for Ag to be
wetted. On the other hand, while both Fe2O3 and Rh203 provided high adhesion, like CuO, both
of them are not stable under SOFC reducing environment (Fe2O3 would be reduced at temperature
above 587 °C). Within Fig. 5b, a candidate with the highest W, 45, that would be stable in a reducing

environment is In203, but its W,qy, is only 1.03 J/m?, 0.4 J/m? lower than CuO.

The descriptor was also employed to screen more single cation oxides but, among those,
none gave a higher W4y, with Ag than CuO. For example, a rutile SnO2 (110) was predicted based
on the descriptor to have Wyg;, of 1.23 J/m?. For validation purposes, the DFT-calculation gave
Wagn =1.10 J/m?, using a half-sandwich interface model. The W,g4;, translated to a borderline
wetting contact angle of 90", which when combined with the effect from dissolved oxygen in Ag(/)
could enable Ag wetting, although it would not be as good as CuO. In addition, SnO2 is a bit more
resistant to the reduction environment, as it is expected to be stable up to 647 “C according to
Ellingham Diagram. It have been suggested that V20s could be another potential oxides;[23]
however, due to the step-like structure of the (010) surface, a smooth surface of Ag used in the

present descriptor model could not accurately determine W, 4, of this interface. In conclusion, our
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screening of monocation oxides could not identify a candidate that would yield similar or higher

W,4n than CuO, while not being cost-prohibitive or reduced in SOFC operating conditions.
3.3.3 Identification of Complex Oxides and Ternary Braze Alloy Design

Since the simple oxide search did not predict many candidates that could potentially be 1)
better than CuO in enhancing W,4;, and 2) stable in a reducing SOFC environment, the descriptor
was used to search for potential multi-cation oxides. First, the descriptor was used to explore multi-
cation oxides with lower descriptor values that lead to lower interface energy (since a low interface
energy is a necessary but not sufficient condition for a high work of adhesion). Then, the surface
energies were computed by DFT. The stable surface for all delafossite oxides was chosen to be O-

terminated (0001) surfaces, based on experimental and computational evidence [73-75].

Predicting the interface energy ylpzred from the descriptor using Eqn. 4, and the DFT computed
surface energies, the W4, was first predicted before the DFT interface model was constructed.
From this, it was found that several oxides with a delafossite structure could exhibit strong
adhesion due to their high surface energy relative to a low predicted interface energy (Table 3).
For comparison, CuO is listed as well. While some delafossite oxides exhibited low adhesion ~0.7
J/m? with Ag, such as CuCrO: and CuFeO:, several delafossite oxides, CuAlO2, CuGaOz, and

CulnO2, showed higher predicted W, g4y, (2.3~2.6 J/m?) with Ag than CuO (1.43 J/m?).

CusTiO4(010) also yielded a predicted W, 4y, of 2.12 J/m?, which is higher than that of CuO.
Cu3TiO4 has a similar structure to delafossite, and its (010) surface is equivalent to the (0001)
surface of delafossite oxides. The increase of W,4, on CusTiO4 surface could also explain the
observed enhanced braze wettability when TiOz2 is added to the Ag—CuO system [14]. TiOz itself

is not the likely cause of wettability enhancement, as predictions for both the rutile TiO2(110) and
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anatase TiO2(101) structures yielded W,qy, of only 0.40 and 0.56 J/m?, respectively. However,
TiO2 could react with CuO or Cu20 to form Cu3TiO4 [76,77]. Therefore, the addition of Cu and
Ti to Ag, with modification of brazing gas environment and temperature conditions to purposely
generate Cu3TiOs on the YSZ surface could also further enhance the wetting of Ag. Also, as
indicated by its formation energy (-13.12 eV) on the Ellingham diagram, CusTiO4 will be stable

in a reducing SOFC environment.

Another interesting oxide is CuAlOz. The formation of CuAlO2 would be favorable in
certain conditions as the CuAlO: formation energy was calculated to be -9.70 eV, which is
comparable to -9.74 eV for /2(Al203 + Cu20). Experimental phase diagrams indicate that CuAlO2
is stable at high temperature, especially in the brazing and SOFC operating temperature range [78].
Putting the calculated formation energy of CuAlO:z on the Ellingham diagram shows that it is stable
in a reducing environment. To further investigate this promising oxide and also obtain the accurate
Waan, DFT calculations were performed (Fig. 6a). The DFT-calcualted W45, of Ag/CuAlQz. is
3.04 J/m?, almost twice of that at the Ag/CuO interface. The changes in PDOS through formation
of this interface shown in Fig. 6b correspond well to its high W,4,,, where oxygen p-states moved
from high-energy antibonding (-2 to 0 eV) to bonding states at energies below the metal d-states
(~ -8 eV). This high adhesion will lead to complete wetting (0°). Moreover, DFT calculation using
half-sandwich model also indicate strong adhesion (W,g,= 2.04 J/m?) between CuAlO2 and YSZ.
Overall, this is in accordance with reports that the greater extent of CuAlO2 formed from the

unintended reaction of CuO with Al2O3, the lower contact angle of Ag [25].

The other delafossites, CuGaO2 and CulnOz, and CuzTiO4 were predicted to yield similarly
high W4, are therefore are expected to yield similar results. However, the formation energy of

CulnO2, which is the highest among investigated delafossites (-5.70 V), was only -0.52 eV below
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the hydrogen line in Ellingham diagram. Given that LDA tends to overestimate bonding energy, it

is more prudent to assume that CulnO2 would not be stable in a reducing SOFC environment.

Therefore, several oxide interlayers, CuAl(or Ga)O2 or CusTiOs, that could improve the
interfacial strength were identified via our computational search. In order to form these oxide
layers, the complex oxide could either be pre-sputtered or coated on the YSZ surface before
brazing or be directly added to Ag, as similar methods have been used for Ag-CuO system [25,79].
Alternatively, alloying Ag with a mixture of Cu and Al (or Ga, Ti) and fine tuning the brazing gas
environment and temperature conditions to intentionally maximize the formation of CuAl(or
Ga)O: or Cu3sTiO4 could also improve the interfacial strength. It should be noted that, according
to the original definition, in order to be classified as a RAB component, the oxides formed by the
secondary metals in air must be at least be partially soluble in Ag [80] in order to avoid forming
thick oxide scale on the liquid surface to inhibit wetting. The oxide solubility, the impact of these
alloy or oxide additions on the melting temperature, can be considered in follow-up studies.
Nevertheless, these examples suggest that ternary alloy systems may offer many more possibilities.

The discovery of potential oxides can be expanded beyond the examples given here.

S. CONCLUSION

The RAB process is a promising solution to solve wetting and adhesion problem of Ag on
an YSZ surface for sealing applications as well as providing practicality for industrial settings. As
the current Ag-CuO system has a short-coming due to pore formation from reduction of CuO to
Cu, there are alternative approaches of other oxide interlayer design that may be effective. Using
DFT calculations and interface models, the present paper has identified the two primary
mechanisms that enabled Ag to wet on YSZ surfaces, including 1) formation of Ag—O clusters at

the Ag/YSZ interface from the oxygen in solution (Mechanism I), and 2) enhanced W,q4, by
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formation of a CuO scale on top of the YSZ (Mechanism II). Mechanism I reduces the wetting
angle by 20~25°, which is a smaller effect than the second mechanism, as the CuO scale can reduce
the wetting angle by ~45°, changing the metal from non-wetting to wetting. The electronic analysis
of the involved interfaces shows that interactions between Ag and oxygen atoms of the oxide
dominates the interfacial bonding. With this knowledge, a simple descriptor for calculation of
interface energy was developed to reduce the dependence on expensive interface calculations.
With known surface energy, which is much more easily calculated, the descriptor can also be used
for prediction of W,q4,. Several single cation metal oxides were considered, but the number of
those with W,4, comparable to CuO and tolerant of a reducing environment were few. For
example, none of the investigated metal oxides, with crystalline structures of rock salt, fluorite,
and anti-fluorite, showed high W,4,. However, by expanding the search to multi-cation oxides,
several promising candidates in oxides with delafossite structure, such as CuAlO2, CuGaO-, and
CusTiO4, were discovered to double the work of adhesion of CuO with Ag. The study provides
insight to geometry and bonding energy of metal-oxide interfaces with implications beyond just
Ag and YSZ interfaces. The convenient search also opens new pathways to develop potential

ternary Ag-oxide braze alloys with enhanced adhesion and wetting on YSZ.
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Table 1. The average interface distance (Ad), work of adhesion (W,q4p,), calculated wetting
angles (8,1), and experimental (8xp) for Ni/YSZ interface and systems involved in Ag—

CuO/YSZ braze.
Ad W 2a4n
Interface Systems XC A) J/m?) 0. O cxp
_ _ GGA 2.03 0.49 138°
Ni[110](111)||YSZ[110](111) — 120°[7]
LDA 2.01 1.42 118
Ag()/YSZ(1 1 1)} GGA 2.41+0.02 0.11£0.01 149" 120°[7]
{Ag()+20}/YSZ(1 1 1)} GGA 2.17+0.04 0.43+0.01 111° 90°[69]
_ _ GGA  2.68 0.10 150°
Ag[321](111))YSZ[110](111 120°[7]
g[321](1 1 DIYSZ[110](1 1 1) DA 243 R, 121°
— _ GGA 2.26 0.48 112° 10°[10]"
Ag[110](111)CuO[110](111
gl1 1011 LjicuOLL 10K L1) LDA  2.11 1.43 73°
_ _ GGA 1.76 0.65 96°
CuO[132](1 1 1)YSZ[O11](111) ; -
LDA 1.71 1.11 92

An interface without dissolved oxygen atoms.

An interface with dissolved oxygen atoms located initially at the interface.

"Ref [69] and [10] reported sessile drop tests performed in air. The contact angle of Ag/CuO was
taken from the test of liquid Ag on YSZ at high concentration of CuO, until the contact angle
converged with respect to the amount of CuO on YSZ. [10]
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Table 2. The surface and interface energetics involved in Ni[110](111)|[YSZ[110](111)

interface.
¥YNi(111) Yysz(111) YNi-vsz W adn
DFT GGA-PBE 1.94 0.70 2.26 0.49
computed LDA 2.68 1.42% 2.68 1.42¢
Experiment [65] 2.05 [66] 1.23 [67] 1.8+0.1 1.48

‘Because the obtained Wadn is coincidentally close to the surface energy of YSZ (based on LDA

calculations), the derived interface energy of Ni/YSZ is the same as the Ni surface energy,
following Equ. 1.
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pred)’

predicted work of adhesion (Mé%r}fd), and DFT-calculated work of adhesion (W,q4;,) of the
delafossite oxides and CusTiOa.

Oxide |y (I/m?) | xmo | Y25 @/m?) | wPre? (3/m?) | Waan (J/m?)

CuO 1.16 | 0.066 |  0.92 1.34 1.43
CuAlO2(0001) | 3.02 [0.156] 1.4l 271 3.04
CuCrOx(0001) | 140 | 0150 139 111 -
CuFe02(0001) | 1.08 | 0.141[ 136 0.82 \
CuGaO2(0001) | 2.82 [0.094]  1.13 2.79 :
CulnO(0001) | 254 [ 0.061|  0.89 2.75 -
CusTiO4(010) | 1.76 | 0.086|  1.08 1.78 :
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2Cu0O
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Fig. 1. Hypothetical mechanisms of how Ag-CuO braze enables wetting starting from the solid
phase (left) to melting and wetting (right) during the heating process in air. While the wetting angle
of Ag on YSZ >90°, Ag-O clusters in Ag(/) solution may alter interfacial energy (Mechanism I),
or addition of Cu may facilitate the formation of CuO interlayer on YSZ surface (Mechanism II)
leading to a reduction of the wetting angle. The SEM images used for the representation of stainless
steel and YSZ microstructure was taken from literature [24].
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Fig. 2. Interfaces relaxed by PBE functional for investigation of Ag—CuO/YSZ braze. These
include Ag(/)/YSZ (a), Ag/'YSZ (b), Ag/CuO (c), and CuO/YSZ (d). Only the top half of the
sandwich model of the solid-solid interface is shown due to symmetry.
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Ag-0O in bulk Ag—0 at free surface Ag-O at the interface

Fig. 3. Ag(/)/YSZ interface structures with dissolved oxygen atoms at the beginning and end of
3ps AIMD simulations at 1000 °C. Three initial positions of Ag—O clusters were investigated,
including in the bulk Ag(/), at the free surface of Ag(/), and at the interface of Ag(/)/YSZ. The Ag-
O at the interface is the most favorable structure.
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Fig. 4. Side view and top view of surface and interface structures to illustrate the formulation of
the descriptor, Ym0, in Eqn 3. The Ny and Ny were demonstrated for a) an unrelaxed rock salt
CaO {100} surface, where /=1 is used and b) an unrelaxed corundum oxide surface structure
represented by the a-Al203 (0001). The relaxed interfaces of Ag/corundum-oxide demonstrate that

b) in a-Al203 and other corundum-oxides /=2 is used as the protruded cation, AI**

, weakens Ag-
O interfacial bonding, except c) in Fe203, whose cation, Fe**, submerges beneath the oxygen layer
so it does not interfere the Ag-O bonds (=1). The yellow arrows pinpoint the same cation in all

the corundum oxides.
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Fig. 5. The correlation a) between of the interface energy (y25 ! ) of Ag/oxides and the descriptor
(¥mo), which followed a logarithmic function, and b) between the predicted work of adhesion

(Vlé%fd) at Ag/oxides interface and the DFT calculated one (W,qy,).
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Fig. 6. The optimized structure of Ag/CuAlO:z (half sandwich) by LDA functional showing an
interface gap of 1.95 A (a), and PDOS in the no-contact (10 A apart) and interface positions (b).
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