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5. Supplementary material

5.1. Ezperimental Observation of Ni-film Electrode

The patterned Ni-film electrode was prepared by DC Ni sputtering method and operated in FC and
EC modes under larger polarization. The morphological changes of Ni around the edge of the Ni-film after
operation in 3% humidified Hs at 800°C for 5 hours are shown in Fig. S0. Further details of the experiments

are given in Ref. [1].

b EC mode

Figure S0: The SEM images of the Ni-YSZ interface cross-sections at the edges of the Ni-film after 5 hours of operation in (a)
FC and (b) EC modes.

5.2. Multi-physics coupled FE modeling

To achieve the multi-physics coupled modeling in full-cell scale, the model was built based on a combi-
nation of a homogeneous HSL and heterogeneous reconstructions of HSL, HFL, electrolyte, BL, and oxygen
electrode. The TPB density, volume fraction, and tortuosity factor obtained based on the 3D reconstruction
of the heterogeneous HSL microstructure were used to establish the homogeneous HSL representing the
remaining HSL in a large span. The microstructure reconstructions of cells A and B in full-cell scale and

the corresponding meshes are shown in Fig. 2(b).

In multi-physics coupled FE modeling, governing equations for the electronic, ionic conduction, and gas
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diffusion processes are expressed as

9 [ Fo2— fig— 052— v ~ .
Cdl&( SF — F )*V'( 5F V“02*) = ~lreac

~Cady (B~ ) =V (Vi) S o
Bt +V - (D;Vey) = sj, (sm, = 50,50, = —5¢)

where fig2—, fie—, 0po2—, and o.- represent the electrochemical potentials and conductivities of oxygen
ions and electrons, respectively. Cjy; is the capacitance of the heterogeneous double-layer. The effective
double-layer capacitance CﬁfHSL in the HSL can be evaluated as CSEHSL = C}EQYSN /v, where SN/Y is the
volume-specific Ni-YSZ interfacial area. Thus, the effective oxygen ion conductivity, electron conductivity,
and gas diffusion coefficients can be calculated using the corresponding volume fraction V; and the tortuosity
factor 7; of phase j as

Vi

1'% = 22T (T; = 002, 0e- , Dty 10, Dy kn)- (2)

J

F' is the Faraday constant, i,cac is the stable Faraday current density associated with the sustained electro-
chemical reactions at TPBs or double-phase-boundaries (DPBs), ¢; is the molar concentration of gas species
Jj, and s; is the volumetric specific molar consumption rate of gas species j in the electrochemical reactions.

The corresponding gas diffusivity D; can be calculated based on a simplified dust gas model (DGM) as

p, - (lzow 1 - (3)
7\ Dix  Dji/)

with the binary diffusion coefficient D; ;, and the Knudsen diffusion coefficient D; i, defined as

D . = 0.0005956 /2 + M%% "

)
8RT
TK‘I\/[]‘

2
Djyn =37

where M; is the molecular weight of the gas species j, P is a constant total pressure, T is a constant

M;

temperature, and o = 1 — v

. The intermolecular force constant (;; was taken as the arithmetic mean

of ¢; and (;. The collision integral is defined as {2p = 1.1336(Tk) SO

= , where € is the geometric mean value.
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The electrochemical reactions in the hydrogen electrode occur only at Ni-YSZ-pore TPBs, while the
electrochemical reactions in the oxygen electrode occur simultaneously at the LSCF-GDC DPBs and LSCF-
GDC-pore TPBs. The corresponding local electrochemical reaction current density integrals at the hetero-
geneous boundary and interface, as well as the current density in the homogeneous HSL, can be calculated
using a group of Butler-Volmer equations as

5%23() f Z.reac,TPB,fueldS = iO,TPB,a [eXp (%nact,fuel) — eXp (*%nact,fuel)}

Jgglofireac,TPB,OgdS = /[:O,TPB,OQ [eXp (QIRL’JF,)?&CQ'/,OQ) — exp (7%77&“,02)]

Jlliglofireac,DPB,Ozdl = iO,DPB,OQ [eXP (%nact,oz) — €exp (7%77act702)]

: : 2.0F 1.0F
lreac,HSL = ZO,TPB,fuellTPB,HSL [eXP (ﬁnact,fuel) — eXp (*ﬁnact,fuel)}

where 40, TPB, fuel, 0, TPB,0,, and %o, ppB,0, are exchange-current densities at TPBs in hydrogen electrode, at
TPBs and DPBs in oxygen electrode, respectively. ¢yeac st is the volume specific electrochemical reaction

current in the HSL.

5.3. Multi-physics coupled PF modeling

Based on the results of the multi-physics coupled FE simulation, the microstructure evolutions in the
Ni-YSZ composite hydrogen electrode during operation in different modes for both cells A and B were
simulated using PFM. A unique resolution of 180 x 200 x 180 discrete voxels was used in the simulations,
with a length of about 10 voxels belonging to electrolyte and the rest belonged to electrode. Phases Ni and
YSZ were introduced in PF modeling using two OPs, i.e. ¢~ (r) and ¢¥ (r), where 7 is a spatial parameter.
qu/Y(r) = 1 was set in solid phase, and qﬁN/Y(r) = 0 outside. The pore phase can be determined as
#'(r) = 1 — ¢N — ¢Y. Moreover, the crystallographic orientations in a given solid phase were defined
using OPs as [n1 () ,nm2 (7),...,nq (7)] = (£1.0,0,...,0),(0,£1.0,...,0),---(0,0,...,£1.0), where g is the

number of crystallographic orientations for both the Ni phase and the YSZ phase, while £1.0 indicates two
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different crystallographic orientations in one orientation OP. The total free energy of the system can thus

be expressed as

Y P

:/VdV Af fo (¢N,¢Y,U}\I,Wf)+z

p=N

a_ P

S (V) + 3 (V)?| (6)
j=1

where ng and n’; are the corresponding coefficients of the gradient energy of the material surface and grain

boundary. Thus, the free energy density of the system fjy is composed of the contributions from the various

interfaces and the electromigration driving force on the Ni phase subjected to a current density [38, 39],

which is defined as

Y

fOZAf Z fl (¢p)+z.f2 (¢panf)+22f3 (Ufﬂ?i) +f4 (¢Na¢Y)+f5 (¢N5¢Y) +f6 (¢NMU/N)5

p=N i=1 J=1k#j

where Af is a common coefficient of the interfacial energy densities and

f1(67) = = (4/2) (6" — ¢™) + (B/4) (6" — ™)" + (D/4) (6" — ¢°)"*
P2 (6%, 03) = = (1/2) (6% = 6°)°(n%)” + (v/4) (?)"

f3 (mysme) = (e4/2) (m)* (e)?

fa (67, 6%) = (A/2) (¢°)* (")

f5 (67, 0%) = =WV [?

Jo (&%, u") = —Ho"

where f1, fa, f3 and f4 correspond to a volume fraction-dependent double-well potential function, the mu-
tual coupling effects among the volume fractions and the crystallographic orientations of different phases,
respectively. f; denotes a term related to the wettability of Ni on YSZ. The coefficient H in fs, defined
as H = %lz*, is a fixed value describing an electromigration-induced driving force exerted on Ni by
the electron wind force along a current driven by an electrochemical potential gradient [38, 39]. N, is the

number of Ni atoms per unit volume, e is the charge of an electron, and Z* is the effective valence of the
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Ni atom. The driving force can thus be related to the electrochemical potential field uN generated in the

multi-physics coupled FE simulation.

To facilitate the simulation, YSZ was set as a stable phase due to its low diffusion coefficient at the
operating temperature [40], which is also consistent with the experimental observation [41]. The conserved
Cahn-Hilliard dynamic evolution equation was utilized as the governing equation to predict Ni phase evolu-

tion as

AN of
- =V [MV (ﬁ — HZV%NH (9)

where t is time and M is the mobility of Ni phase, which is defined as

M = M}; M:olh (¢N) + M:urfqﬁN (1 + M*b Z Z |77 Mk | 1 - ¢Y) ) (10)

J k#j

where h (z) = 2® (10 — 15z + 622), g (z) = 2° (102% — 15z + 6) are two interpolation functions used to limit
the mobility of Ni in bulk and at Ni-YSZ interface. In addition, M };I is an unknown composition coefficient
of Ni under a specific operation conditions, and the dimensionless coefficients M7, = 0.01, M ; = 4 and

u

M op = 0.4 are related to the bulk, the surface and grain boundary of Ni, respectively.

Based on the Allen-Cahn dynamics evolution equation, non-conserved governing equations of Ni crystal
grain growth can be defined as

877;\] 9o N2y ;
W__L a_N_HV 3=1,2,...,q (11)

where L; is the mobility of Ni grain boundary. To facilitate the calculation, the value of L; was assumed
to be identical for each crystallographic orientation. The fourier-spectral method was utilized to solve the
partial differential equations, and periodic boundary conditions were applied along the three axes in all

simulations. The phenomenological parameters in Eq. (8) were chosen as ¢,, = 0.5, ¢o = 0, A = 1.0,
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B=4.0,D=1.0,v=10, ¢ = 3.0, and A = 1.19. Gradient coefficients were chosen as ng =1, Ii?; = 0.82,
/ﬁ? = 0.71, and Ii;( = 0.52 [33, 42]. A dimensionless coefficient H* = HZ—")‘;‘“‘ was set to 250 in fg to control
the electromigration driving force. After non-dimensionalizing the other relevant parameters and the gov-
erning equations, a semi-implicit scheme was applied to alleviate the time-step constraint without loss of

stability or accuracy, with the further details are given in Refs. [20, 33].

5.4. MD Modeling

As a common interfacial combination between Ni and YSZ, the Ni[111]/YSZ[111] interface was chosen
as a representative example in the present MD simulations, as shown in Fig. S1. The YSZ model was
constructed by randomly replacing Zr*t with Y3t in ZrO,. To keep the charge neutral, one O?* was ran-
domly deleted in the model when two Zr#*t ions were replaced [2]. In addition, the YSZ layer with doping
concentration ranging from 1mol% (1YSZ) to 35mol% (35YSZ) was used to investigate the effects of doping
concentration on the interfacial bonding properties. The sizes of YSZ and Ni in the Ni-YSZ supercell were
chosen so that the lattice mismatch at the interface was less than 3%. Periodic boundary conditions were
applied in all directions. A vacuum layer with a thickness of 20 A was added along the z-axis to avoid
the repeated interface caused by periodicity. All simulations were performed in the LAMMPS package [3].
A recently developed ReaxFF potential was used to describe the formation of the Ni-YSZ interface [4],
which contains the bond order to describe the formation and breaking of chemical bonds. The ReaxFF
potential can well simulate Ni-O bond formation at Ni-YSZ interfaces, which is not possible with conven-
tional potentials. To obtain a stable interface, the Ni-YSZ system was first relaxed at the corresponding
temperature using the isothermic-isobaric (NPT) ensemble to relieve the stress, and then switched to the
isothermic-isochoric (NVT) ensemble to allow the system to reach a steady state. The binding properties of

the Ni-YSZ interfaces were then analyzed.

The stability of the Ni-YSZ interfaces was verified by the convergence of the system energy, as shown

in Fig. S2(a). Since the Ni-O bond is the predominant chemical bond at the Ni-YSZ interface, we show in
31
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Figure S1: The model of Ni-YSZ interface used in the MD simulation.
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Fig. S2(b) the evolution of the interfacial O atoms bonded to Ni atoms during the MD simulations, which
was measured as the fraction of the number of bonded O atoms in the total number of O atoms in YSZ
surface. It was found that the fraction of O atoms bonded in all Ni-YSZ interface models remained almost
unchanged at the end of the MD simulations, which indicates the stability of the Ni-YSZ interfaces obtained.
Based on Fig. S2(b), the fractions of bonded O atoms at different Ni-YSZ interfaces with different doping
concentrations in YSZ are plotted in Fig. S3(a). It can be seen that the fraction of bonded O atoms decreases
from 0.90 in the Ni-1YSZ interface to 0.69 in its Ni-35YSZ counterpart, indicating that the number of Ni-O
bonds decreases with the increase of doping concentration. Therefore, it is expected that the bond strength
of the Ni-YSZ interface becomes weaker as the doping concentration of YSZ increases. Figure S3(b) shows
the defect fraction at the interface of all Ni-YSZ models. It is defined as the ratio between the number of
O vacancies in the inner surface of YSZ to the number of O atoms in the perfect ZrOs surface. It is found
that the interfacial defect fraction of the Ni-YSZ structure generally increases as the doping concentration
increases. Thus, the decrease in the number of interfacial O atoms in this process is responsible for the lower

number of Ni-O bonds formed at a higher doping concentration.

T T T T
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Figure S2: (a) Energy change and (b) evolution of fraction of bonded O atoms during the simulation process.
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Figure S3: Fractions of (a) bonded O atoms and (b) interfacial defect of YSZ versus yittria-doping concentrations.
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