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Protonic ceramic fuel cells (PCFCs) are expected to achieve high power generation efficiency at
intermediate temperature around 400-600 °C. In the present work, the distribution of relaxation
times (DRT) analysis was investigated in order to deconvolute the anode and cathode polarization
resistances for PCFCs supported on yttria-doped barium cerate (BCY) electrolyte in comparison
with solid oxide fuel cells (SOFCs) supported on scandia-stabilized zirconia (ScSZ) electrolyte.

Four DRT peaks were detected from the impedance spectra measured at 700 °C excluding the gas
diffusion process for ScSZ and BCY. The DRT peaks at 5x102-1x10* Hz and 1 x 10°-2 x 10? Hz were
related to the hydrogen oxidation reaction at the anode and the oxygen reduction reaction at the
cathode, respectively, for both cells. The DRT peak at 2 x 10-1 x 10° Hz depended on the hydrogen
concentration at the anode for ScSZ, while it was dependent on the oxygen concentration at the
cathode for BCY. Compared to ScSZ, steam was produced at the opposite electrode in the case of BCY,
which enhanced the cathode polarization resistance for PCFCs.

Solid oxide fuel cells (SOFCs) are expected to be power generation systems with high energy conversion effi-
ciency. The power generation efficiency of commercial stationary SOFC systems using yttria- or scandia-stabi-
lized zirconia (YSZ or ScSZ) electrolyte manufactured by Kyocera-Aisin (0.7 kW) and Bloom Energy (200 kW)
has reached to 53-65% (LHV; lower heating value). The electrode reactions of SOFCs are as follows:

Anode: 2H; + 20*~ — 2H,0 + 4e” 1)

Cathode: O, + 4~ — 207~ (2)

Owing to the supply of oxide ions (O*") from a cathode to an anode through an electrolyte at high tempera-
tures above 700 °C, SOFCs can, in principle, directly use hydrocarbons and alcohol fuels as well as hydrogen'~.
Steam is produced at the anode by power generation, which promotes the steam reforming of hydrocarbons
and alcohol fuels. The power generation efficiency is proportional to the output voltage and fuel utilization.
However, increasing the fuel utilization is limited in the case of SOFCs, because the fuel is diluted at the outlet
by the steam production at the anode.

Iwahara et al.*” discovered the proton (H*) conducting ceramics of perovskite-type AB,_.M,O;_s (A=Ba, Sr,
Ca; B=Ce, Zr; M=Y, In, Nd, Yb). The electrode reactions of protonic ceramic fuel cells (PCFCs) are as follows:
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Anode: Hy — 2H™" + 2¢e~ (3)

Cathode: 150, 4+ 2H' +2¢~ — H,0 (4)

In this case, the fuel is not diluted by power generation, because steam is produced at the cathode. PCFCs are
expected to realize high fuel utilization compared to SOFCs®. Furthermore, the ionic conductivities of yttria-
doped barium cerate (BCY) and zirconate (BZY) are higher than that of YSZ at intermediate temperatures around
400-600 °C°. The maximum power densities were 0.6-1.3 W/cm? at 600 °C for anode-supported PCFCs using
BCY/BZY-based electrolytes'*-'2.

Dissolving transition metal elements such as manganese, iron, cobalt and nickel into BCY'® and BZY™
decreases the ionic conductivity. While nickel dissolving into BCY and BZY acted as a sintering aid during the co-
sintering of the electrolyte thin-film and anode substrate for anode-supported cells during cell manufacturing'>",
it deteriorated the ionic conductivity and proton transport number'®-2. Transition metal elements also possibly
diffuse from cathode materials. Therefore, the deconvolution technique of the anode and cathode polarization
resistances is required for evaluating the initial performance and durability of PCFCs.

The polarization resistances were frequently evaluated by the electrochemical impedance spectroscopy (EIS)
for various devices such as fuel cells and batteries. An equivalent circuit model is required for complex nonlinear
least square (CNLS) fitting to separate each resistance. However, it is sometimes difficult to assume the equiva-
lent circuit model with appropriate initial parameters for the CNLS fitting. The distribution of relaxation times
(DRT) analysis is a powerful tool to deconvolute EIS?'-%*, which are widely used for fuel cells**-?%, electrolysis
cells?, lithium-ion batteries*® and supercapacitors®'. For SOFCs**-* and polymer electrolyte fuel cells (PEFCs)?¥,
the anode and cathode polarization resistances were separated with high resolution. The ratios of the anode to
cathode polarization resistances were 75:25 and 4:96 for SOFCs?® and PEFCs?, respectively, which was caused
by the difference in electrode reactions as shown in Egs. (1, 2) and (3, 4). DRT analysis is also a powerful tool
for investigating the degradation mechanism during durability tests®~.

In the present work, the deconvolution technique of the anode and cathode polarization resistances was
investigated for PCFCs. While some researchers have applied the DRT analysis to anode-supported PCFCs***,
the physicochemical origins of each DRT peak should be more discussed. We prepared electrolyte-supported
SOFCs and PCFCs in order to attach a reference electrode. The ohmic resistances of electrolyte-supported cells
are large due to thick electrolyte compared to anode-supported cells. ScSZ and BCY are selected as electrolytes for
SOFCs and PCFCs, respectively, because these conductivities are higher than those of YSZ** and BZY>¢. The dif-
ference in elementary electrode reactions was discussed using the results of DRT analysis for SOFCs and PCFCs.

Results
The theoretical electromotive forces (EMFs; Vy;,) are as shown in Egs. (5) and (6) for SOFCs and PCFCs,
respectively:

RT RT Kpt
Vih =te-—1In POy =to-——= In piob; Piz.a (5)
4F  po,a 4F P,0
RT RT
Vih = —tg+ — In Piac = —ty+——1In _ PmOc 2 (6)
2F  pHya 2F sz,aKl/poZ,c

where R is the gas constant, T is the absolute temperature, F is the Faraday constant, p, and p. are the partial
pressures at the anode and cathode, respectively, and K is the equilibrium constant of 2H,(g) + O,(g) — 2H,0(g).
The ¢ is the transport number, which is dependent on py,, pH,0 and po, for some electrolytes. Hole conduction
appears for proton-conductive ceramics such as BCY and BZY at high temperature and oxygen partial pressure®’,
which leads to a decrease in power generation efficiency®. Figure 1 shows the temperature dependence of OCV's
in H,:H,0:N,=20:3:77 vol.% (anode) and O,:H,0:N, =20:3:77 vol.% (cathode) for SOFCs supported on ScSZ
electrolyte and PCFCs supported on BCY electrolyte. The dotted line indicates the theoretical EMF, when the
transport number is assumed to be unity. The theoretical EMFs of ScSZ and BCY are almost the same in these
atmospheres. The OCV's were 15 mV lower than the theoretical EMFs for ScSZ due to gas leakage from the
sealant. While the slope of the OCVs was nearly matched that of the theoretical EMFs for ScSZ, it was quite
different for BCY. The OCV's were 45 and 70 mV lower than the theoretical EMFs for BCY at 750 and 800 °C,
respectively, owing to hole conduction. ScSZ and BCY exhibited nearly the same OCVs at <700 °C, suggesting
the prevention of hole conduction in BCY. The transport number of holes for BCY-based electrolyte is smaller
than that for BZY, while the transport number of oxide ions for BCY-based electrolyte is slightly larger than that
for BZY*. The impedance was measured precisely at 700 °C in the present work.

Figures 2 and 3 show the IR-free impedance spectra at 700 °C for SOFCs supported on ScSZ electrolyte and
PCFCs supported on BCY electrolyte. The ohmic resistances were subtracted to compare the polarization resist-
ances among anode-cathode (total), anode-reference electrode and cathode-reference electrode impedances in
these figures. The polarization resistance of the anode (Fig. 2a) was larger than that of the cathode (Fig. 2¢c) for
ScSZ, while that of the anode (Fig. 3a) was smaller than that of the cathode (Fig. 3¢c) for BCY. When the hydrogen
concentration was changed from 10 to 40 vol.% in the constant oxidant composition of O,:H,0:N, =20:3:77
vol.%, the impedance around 1 kHz decreased for ScSZ (Fig. 2b) and BCY (Fig. 3b). On the other hand, the
impedance around 10 Hz decreased by the change from 5 to 20 vol.% O, in the constant fuel composition of
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Figure 1. Temperature dependence of OCVs in H,:H,0:N,=20:3:77 vol.% (anode) and O,:H,0:N,=20:3:77
vol.% (cathode) for SOFCs supported on ScSZ electrolyte and PCFCs supported on BCY electrolyte. The dotted
line indicates the theoretical EME, when the transport number is assumed to be unity.
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Figure 2. IR-free impedance spectra at 700 °C in (a, b) the constant oxidant of O,:H,0:N,=20:3:77 vol.% and
(¢, d) the constant fuel of H,:H,0:N, =20:3:77 vol.% for SOFCs supported on ScSZ electrolyte.

H,:H,0:N,=20:3:77 vol.% for ScSZ (Fig. 2d), while the impedance decreased across a wide range frequency for
BCY (Fig. 3d).

The anode-reference electrode and cathode-reference electrode impedances gave rough information about
anode and cathode polarization resistances, because the electrochemical potentials of reference electrodes were
sensitive against ac amplitude during impedance measurements*>*!. In the present work, the DRT analysis sug-
gests the deconvolution of the anode and cathode polarization resistances using anode-cathode impedance as
shown in Fig. 4, and the DRT peaks were assigned with reference to the dependence of hydrogen and oxygen
concentrations in the anode and cathode, respectively. Unfortunately, the impedance spectra were noisy below 10
Hz, because gas leakage might slightly occur through the grain boundary of the BCY electrolyte with insufficient
sintering. Ivers-Tiffée and Weber?® reported the effect of experimental errors on the DRT analysis. The resolu-
tion of EIS deconvolution decreases for data with errors. However, the results of Fig. 4 are acceptable, because
the gaps of each DRT peak are approximately one order of magnitude against frequency. The DRT analysis was
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Figure 3. IR-free impedance spectra at 700 °C in (a, b) the constant oxidant of O,:H,0:N,=20:3:77 vol.% and
(c, d) the constant fuel of H,:H,0:N, =20:3:77 vol.% for PCFCs supported on BCY electrolyte.
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Figure 4. DRT spectra at 700 °C in (a, ¢) the constant oxidant of O,:H,0:N,=20:3:77 vol.% and (b, d) the
constant fuel of H,:H,0:N, =20:3:77 vol.% for SOFCs supported on ScSZ electrolyte and PCFCs supported on

BCY electrolyte.

performed using impedance data at frequencies =10 Hz for BCY. Four DRT peaks were detected for ScSZ and
BCY. Although the DRT peak for the gas diffusion process is generally observed below 10 Hz, it is negligible
for the electrolyte-supported cells with the thin anode and cathode in the present work. For ScSZ, the P, and
P; peaks decreased with increasing hydrogen concentration at the anode (Fig. 4a), while the P, peak decreased
with increasing oxygen concentration at the cathode (Fig. 4b). The change in the P, peak was small for ScSZ.
For BCY, the P, peak decreased with increasing hydrogen concentration at the anode (Fig. 4c), while the P}, P,
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and P, peaks decreased with increasing oxygen concentration at the cathode (Fig. 4d). The dependence of the
P, peak was different between ScSZ and BCY.

It was previously reported that the DRT peak around 10-100 kHz could be ascribed to the ionic conduction
process in mixed ionic-electronic conductors®®*. This polarization resistance is dependent on the contact condi-
tion and the microstructure of the cathode. The P, peak for BCY was relatively larger than that for ScSZ owing
to insufficient contact between LSCF and BCY in the present work. The P, and P, peaks are dependent on the
hydrogen concentration at the anode and the oxygen concentration at the cathode, respectively, for both cells. The
P, peak is related to the hydrogen oxidation reaction, while the P, peak is related to the oxygen reduction reac-
tion. On the other hand, the P; peak is dependent on the hydrogen concentration at the anode for ScSZ, and the
oxygen concentration at the cathode for BCY. Compared to SOFCs, steam was produced at the opposite electrode
in the case of PCFCs as shown in Egs. (1)-(4). Therefore, the P; peak is related to the steam production reaction.

The elementary electrode reactions for SOFCs and PCFCs are as follows.

Gas diffusion.

Anode gas diffusion: H, (g) — Ha(g) )
Cathode gas diffusion: O, (g) — O2(g) (8)
Steam diffusion: 2H,0(g) — 2H,0(g) )
lonic diffusion.
Bulk and interface diffusion: 20>~ — 20?%~ (10)
Hydrogen oxidation reaction.
Dissociative adsorption: 2H, (g) — 4Hadsurf (11)
Surface diffusion: 4H,q surf = 4Had TPB (12)
Charge transfer: 4H, 4 1pp — 4H" + 4e” (13)
Oxygen reduction reaction.
Dissociative adsorption: O, (g) — 20ad,surf (14)
Charge transfer: 20,4 ¢ + 4~ — 20% (15)
Steam production.
Steam formation: 4HT + 20*~ — 2H,0,4,PB (16)
Steam desorption: 2H,O,q,1p — 2H,0(g) (17)

where the subscripts “ad,surf” and “ad, TPB” represent the adsorbed atom at the surface and triple phase bound-
ary, respectively. Intermediate products such as O~ and OH™ are temporarily formed during charge transfer (Eqs.
(13) and (15)).

The polarization resistances are derived using the equivalent circuit model of Fig. 5a with reference to
the result of DRT analysis. Figures 5b,c show the temperature dependence of the polarization resistances in
H,:H,0:N,=20:3:77 vol.% (anode) and O,:H,0:N, =20:3:77 vol.% (cathode) for SOFCs supported on ScSZ
electrolyte and PCFCs supported on BCY electrolyte. All polarization resistances for BCY was larger than those
for ScSZ. The contact condition between the electrolyte and cathode should be modified to decrease R,. The
nickel dissolved into BCY in the composite anode and at the interface between the anode and electrolyte, which
enhanced R, for the hydrogen oxidation reaction'®. On the other hand, LSCF is well-known as a mixed oxide
ionic-electronic conductor. However, proton is not conducted in LSCE R; was enhanced for PCFCs, because the
active area for steam production is limited to the two-dimensional interface between the BCY electrolyte and
LSCF cathode. R, for oxygen reduction reaction for BCY was three times as large as that for ScSZ. The difference
in R, was smaller than those of the other polarization resistances, as the oxygen reduction reactions of Egs. (14)
and (15) are the same for BCY and ScSZ. The pie charts in Fig. 5b,c depict the ratios of the polarization resistance
at 700 °C. The ratios of the anode to cathode polarization resistances were 70:30 and 34:66 for ScSZ and BCY,
respectively. For BCY, the DRT peaks were slightly affected by the conductivity of oxide ions. Therefore, we are
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Figure 5. (a) Equivalent circuit model with a series connection of resistance (R) and four parallel resistance-
capacitance (RC) elements. (b, ¢) Temperature dependence of polarization resistances in H,:H,0:N,=20:3:77
vol.% (anode) and O,:H,0:N, =20:3:77 vol.% (cathode) for SOFCs supported on ScSZ electrolyte and PCFCs
supported on BCY electrolyte. The pie chart depict the ratios of the polarization resistance at 700 °C.

Electrolyte Anode Interlayer Cathode
ScSZ Ni-ScSZ GDC LSCF
BCY Ni-BCY None LSCF

Table 1. Cell configurations of SOFCs supported on ScSZ electrolyte and PCFCs supported on BCY
electrolyte.

going to perform DRT analysis for the other electrolytes with proton conductivity such as BZY in order to more
investigate the assignment of DRT peaks to each elementary reaction process in the near future.

Conclusion

In the present work, the deconvolution technique of the anode and cathode polarization resistances was investi-
gated using DRT analysis for PCFCs supported on a BCY electrolyte in comparison with SOFCs supported on an
ScSZ electrolyte. The OCV's for BCY were nearly equal to those for ScSZ and theoretical EMFs at <700 °C, sug-
gesting the prevention of hole conduction. Four DRT peaks were detected from the impedance spectra measured
at 700 °C for ScSZ and BCY. The DRT peak for the gas diffusion process was negligible for electrolyte-supported
cells. The DRT peak at 1 x 10%-5 x 10* Hz, P,, was ascribed to the bulk diffusion of oxide ions in the mixed ionic-
electronic conductor of LSCF and interface diffusion between the cathode and electrolyte. The DRT peaks at
5x10>-1x10* Hz, P,, and 1 x 10°-2 x 10% Hz, P,, were related to the hydrogen oxidation reaction at the anode and
the oxygen reduction reaction at the cathode, respectively. On the other hand, the DRT peak at 2x 10'-1x 10°
Hz, P;, was dependent on the hydrogen concentration at the anode for ScSZ, and on the oxygen concentration
at the cathode for BCY owing to steam production at the opposite electrodes in SOFCs and PCFCs. The ratios
of anode to cathode polarization resistances were 70:30 and 34:66 at 700 °C for ScSZ and BCY, respectively. The
polarization resistances of the electrode on the side where steam was produced increased for SOFCs and PCFCs.

Methods

Cell preparation. Table 1 shows the cell configurations of SOFCs supported on ScSZ electrolyte and PCFCs
supported on BCY electrolyte. Commercial powders of (Sc,05)g.10(Ce0,)4.01(ZrO,) 0 (ScSZ; Daiichi Kigenso),
BaCe;3Y,,0;_s (BCY; Kusaka Rare Metal), Ce;3Gd,,0, ¢s (GDC; Kusaka Rare Metal), NiO (Sumitomo metal
mining) and La, ¢Sr, 4Co,,Fey O3 5 (LSCF; Kusaka Rare Metal) were used as raw materials. The ScSZ and BCY
powders were pelletized to 30 mm diameter under a uniaxial pressure of 50 MPa, and then cold-isostatic pressed
at 300 MPa. The ScSZ and BCY pellets were sintered in air for 10 h at 1500 and 1550 °C, respectively. The diam-
eter and thickness of the electrolyte pellets were 23 and 1.0 mm, respectively, after sintering. A GDC slurry
was prepared by mixing GDC powder, polyvinyl butyral binder (Sekisui Chemical) tallow propylene diamine
dispersant (Kao) and dioctyl adipate plasticizer (Wako Pure Chemical) into ethanol and toluene solvents. The
GDC interlayer was formed by spin-coating on one side of the ScSZ electrolyte for preventing chemical reactions
between ScSZ and LSCE, while no GDC interlayer was formed on the BCY electrolyte. Ni-ScSZ, Ni-BCY (50:50
vol.%) and LSCF pastes were prepared by mixing the raw powders, a-terpineol (Kanto Chemical) and ethyl
cellulose (45 cp; Kishida Chemical) using a planetary centrifugal mixer (Thinky ARE-310). The Ni-ScSZ and
Ni-BCY anode pastes were screen-printed onto the ScSZ and BCY electrolytes, respectively, and then sintered
in air for 2 h at 1300 °C. The LSCF cathode paste was screen-printed on the opposite side of the GDC interlayer
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Figure 6. (a) Anode and (b) cathode sides of SOFCs supported on ScSZ electrolyte and PCFCs supported on
BCY electrolyte.

and BCY electrolyte, and then sintered in air for 1 h at 1050 °C. The SOFCs supported on the ScSZ electrolyte
and PCFCs supported on the BCY electrolyte are shown in Fig. 6.

Electrochemical evaluation. The electrochemical properties were measured using a potentiostat/galva-
nostat (Solartron Analytical 1470E) and an impedance analyzer (Solartron Analytical 1455). Platinum meshes
were used as current collectors. A reference electrode of platinum wire was fixed around the ScSZ and BCY
pellets using platinum paste. A mixture of H,:H,0:N, =20:3:77 vol.% and O,:H,0:N, =20:3:77 vol.% were sup-
plied as fuel and oxidant, respectively, at a flow rate of 100 mL/min. The cells were heated up to 800 °C, followed
by the reduction treatment of Ni-based anodes and hydration treatment of the BCY electrolyte for 24 h. The
AC impedance was measured between the anode-cathode, anode-reference electrode and cathode-reference
electrode under open circuit voltage (OCV) from 100 kHz to 0.1 Hz with 20 steps per logarithmic decade in
H,:H,0:N,=x:3:(97 - x) vol.% (x=10, 20, 40) and O,:H,0:N, =y:3:(97 —y) vol.% (y=5, 10, 20) at 800, 750, 700
and 650 °C.

The distribution of relaxation time (DRT) analysis was performed using Z-Assist software (Toyo Corp.)*.
The real impedance was used for DRT analysis owing to the reduced effects of measurement errors and inductive
components compared to the imaginary parts®®. After DRT analysis, the parameters were refined by CNLS fitting
using ZView software (Scribner Associates) assuming an equivalent circuit model with a series connection of
resistance (R) and four parallel resistance-capacitance (RC) elements.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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