
Call attention to using DRT and EIS to quantify the
contributions of solid oxide cell components to the
total impedance

Yudong Wang a,b, Barbara Marchetti b, Xiao-Dong Zhou a,b,*

a Department of Chemical Engineering, University of Louisiana at Lafayette, Lafayette, LA 70504, USA
b Institute for Materials Research and Innovation, University of Louisiana at Lafayette, Lafayette, LA 70504, USA

h i g h l i g h t s

� Anode and cathode contributions to the impedance are investigated by DRT analysis.

� The impedance spectra are deconvoluted into five individual peaks in DRT domain.

� Systematic changes in the gas compositions allows quantifying the anode and cathode contributions to the impedance.

� Changing the buffer gas helps identifying the resistance arising from diffusion processes.

� Due to overlapping DRT peaks, attention should be paid while separating cathode and anode resistance.
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a b s t r a c t

The contributions of anode and cathode processes to solid oxide fuel cell (SOFC) impedance

were studied using electrochemical impedance spectroscopy (EIS) and distribution of

relaxation time (DRT). Specifically, the role of gas composition at both anode and cathode

was explored in a systematic study aimed at deconvoluting, identifying and quantifying

the contributions of different anode and cathode processes. Five distinct relaxation time

distributions were observed in the DRT spectra; although the peaks were ascribed to

diffusion and charge transfer processes at the electrodes, it was found that both electrodes

contributed to various peaks at the same time. Moreover, it was found that two distinctive

operating conditions could return equivalent DRT spectra. While DRT analysis allows to

obtain useful information regarding cell performance, extra consideration is needed when

assessing and quantifying anodic and cathodic resistances within the SOFC.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Solid oxide fuel cells (SOFCs) are capable of generating elec-

tricity and simultaneously capturing CO2 [1,2,4e7]. Further-

more, an important aspect which makes SOFCs particular

attractive for practical applications is their capability of

operating reversely, by either generating power or producing

hydrogen while using electricity, for instance, produced from

renewable sources (electrolysis mode). Despite rapid ad-

vances in this field [1,8e10], optimization of the energy con-

version efficiency and durability of cell materials still

represents crucial aspects of SOFC design. Minimization of
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electrode degradation processes during cell operation repre-

sents the first challenge in the design of SOFCs, as these de-

vices are typically operated at high temperatures, at which

degradation of the cell materials may be promoted, especially

as a consequence of extensive or prolonged cell usage.

Most of the recent research efforts focus on evaluating the

performance of a specific cell component, such as the cathode

or the anode, by optimizing the electrode material composi-

tion and its intrinsic properties (e.g. thickness, porosity and

conductivity) or experimental conditions (e.g. operating tem-

perature), while keeping the remaining critical cell compo-

nents unvaried. In this approach, improvement of cell

performance is generally attributed exclusively to optimiza-

tion in the specific property of the electrode material or

experimental parameter. However, the controlled processes,

which include gas diffusion, ionic transport and charge

transfer reactions, may exhibit deviation from expected

behaviour due to unavoidable experimental errors. Separation

of the contributions of such processes occurring in different

cell components is paramount to optimize cell performance

since deep insights into the mechanisms which govern its

operation are typically needed for this purpose.

Electrochemical impedance spectroscopy (EIS) is a widely

used in-situ technique for SOFC performance evaluation

[11e13]. A small AC perturbation is applied to the cell and the

impedance of the cell versus AC frequency is recorded based

on voltage respondence. The impedance spectrum provides

abundant information about the reaction kinetics and trans-

port process. The full cell impedance is consistent of three

parts, the ohmic resistance (Ro), the charge transfer reaction

impedances of cathode (Zc) and anode (Za).

ZcellðuÞ¼ZcðuÞ þ Ro þ ZaðuÞ [1]

The high frequency intercept of the real axis in the Nyquist

plot is ohmic resistance, Ro, which is considered to arise from

the resistance of ionic transport in the electrolyte and inde-

pendent of AC frequencies. The rest impedance provides

useful information on different dynamic process in the

electrodes.

Traditional EIS analysis is performed via the complex

nonlinear least-squares fitting based on a provided equivalent

circuit model (ECM). The fitting result highly depends on the

quality of the ECM used [14]. The downside of this approach is

that the complete ECM requires a deep understanding and

prior knowledge of the electrochemical system (and processes

occurring within it) which are not available in many practical

cases. By contrast, the distribution of relaxation time (DRT)

approach represents a valid alternative which allows to

investigate the system without any initial assumptions [15].

This approach can be used to directly convert the impedance

spectra from the frequency domain to the relaxation time

domain, by means of Eq. [2]

ZcellðuÞ¼Ro þ
Zþ∞

�∞

g

1þ jut
dðlntÞ [2]

where g is distribution function of relaxation time, u is the

angular frequency and t is the relaxation time. The trans-

formed DRT spectrum has better resolution than the EIS, in

that, it provides deeper insights into the nature of various

processes which govern cell operation and aid unravelling the

ways in which they depend on the operating conditions or

materials characteristics [16,17]. For each relaxation time

distribution appearing in the DRT spectra, the integrated area

under the peak corresponds to the contribution to polarization

resistance arising from the associated process. Schichlein et

al. first applied this concept to the deconvolute their SOFC

impedance spectra [18]. Since then DRT have been extensively

used for identifying the ECM of the electrochemical system,

leading to a detailed mechanistic interpretation of EIS results

[19]. In recent years, DRT have been successfully used to

investigate and advance the study and application of new

materials for proton conductor fuel cells [20], oxygen-ion

conducting solid oxide fuel cells (O-SOFC), and solid oxide

electrolytic cells (SOEC), by enabling identification of crucial

performance-determining processes, e.g. degradation mech-

anisms, Cr poisoning [21,22] and Sr segregation [23,24].

This work aims to investigate the feasibility of using EIS

and DRT to deconvolute the cell impedance and to assign a

peak to a specific electrode by systematically changing gas

compositions in both electrodes in a full cell. Our results call

attention to the use of DRT to differentiate distinct

Fig. 1 e (a) Schematics of the electrochemical cell testing setup with controlled gas flows (b) SEM of the cross-section of the

SOFC.
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contributions arising from kinetics and diffusion processes

occurring both at the cathode and anode, by systematically

changing the gas compositions at both electrodes, including

the nature of balance gas used. The experimental findings

within this study suggest that, while DRT is a powerful tool for

assessing the contributions of processes to the overall SOFC

impedance, a more sophisticated analysis might be required

for a deeper understanding of SOFC process mechanism.

Experimental methodology

The NiO/YSZ anode support tape and YSZ electrolyte tape are

fabricated from tape casting process. The two tapes are

laminated together and sintered at 1375 �C to obtain a bilayer.

A layer of gadolinium doped ceria, Gd0.2Ce0.8O1.9 (GDC), was

screen-printed onto the electrolyte, following by sintering at

1200 �C for 2 h. The thickness of this barrier layer is about

5 mm. The La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) layer of 2 cm2 was

screen printed on the GDC to form a porous cathode of about

30 mm in thickness, after sintering at 1080 �C for 30 min. The

gold grid is also fabricated by screen printing on the LSCF layer

as the cathode current collector. A nickel mesh is attached to

the anode support with NiO ink. The current collectors are

sintered at 900 �C for 30 min. The microstructure of the SOFC

cross-section is imaged with scanning electron microscope

(SEM, ThermoFisher Scios 2), which is shown in Fig. 1b.

The full cell was electrically connected to a four-probe

setup, shown in Fig. 1a. Each gas flow is controlled with a

mass flow controller before mixing. The mixed anode gas

passes through a bubbler filled with DI water at room tem-

perature to provide 3% humidity to the anode. The anode

chamber and the bubbler are purged with pure nitrogen gas

and the anode support is reducedwith H2/N2 mixture at 750 �C
for 2 h. The linear sweep voltammetry is performed to obtain

IV curve with a scanning rate of 5 mV/s with the electro-

chemical station VMP3 (Bio-Logic). The impedance spectra

were evaluated with an alternative current perturbation

amplitude of 20 mA from 50 kHz to 0.1 Hz. Distribution of

relaxation time analysis is performed by the DRTTools with a

regularization parameter of 0.001 [15]. The areas of peaks are

calculated by fitting the DRT spectrum with the gaussian

functions and integrating the corresponding areas beneath

the function.

Results and discussion

Theoretical analysis

For the charge transfer reaction that follows a Butler-Volmer

type kinetics, at the cathode side, ORR and OER occurs

(though it contains multiple elemental reactions at the active

sites),

1
2
O2ðgÞþV,,

O ðLSCFÞ#O�
OðLSCFÞ þ 2h,ðLSCFÞ [3]

The current density, i, can be expressed as:

Fig. 2 e (a) IV curve and power density plot for the Ni-based

anode at various H2 in N2 carrier gas (3% humidity), i.e. 97%

H2 (blue), 70% H2 (green), 50% H2 (red) and 20% H2 (black).

The curves were recorded at 750 �C. A steady decline in the

cell performance is observed as the partial pressure of H2 in

fuel gas mixture is decreased. (b) EIS@OCV, and (c)

EIS@0.5A/cm2 under various anode gas compositions (20%

H2, 50% H2, 70% H2 and 97% H2, balanced by 3% H2O and

N2). The ESI spectra exhibit a marked dependence on the

composition of the humidified H2/N2 fuel mixture. (For

interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this

article.)
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i¼ i0;cexpðbOERhcÞ� i0;c

�
CO2

CO2 ;0

�l

expð � bORRhcÞ þ Cc
dhc

dt
[4]

where i0;c is the exchange current density of the cathode, l is the

order of reaction respective to oxygen, CO2
is the oxygen

concentration at the triple phase boundary, CO2 ;0 is the refer-

ence concentration, hc is the overpotential of the electrode, bOER

and bORR are Tafel slope of OER and ORR respectively, and Cc is

the area specific capacitance. By introducing a sinus wave

perturbation, ~i ¼ di expðjutÞ, to the system, we can write:

Table 1 e Dependence of P1 e P5 on the gas composition. The table reports the relative percentage changes calculatedwith
reference to the values at 97% H2 for the anode, and 100% O2 for the cathode.

Anode at OCV Anode at 0.5 A cm�2

H2% P1 P2 P3 P4 P5 P1 P2 P3 P4 P5

70 19.9 6.7 4.1 �2.2 2.5 16.0 �7.0 21.2 �11.2 40.3

50 25.2 20.2 5.7 �6.7 19.8 11.6 6.0 37.6 �7.5 153.9

20 30.6 49.0 �1.8 �24.4 52.6 2.5 43.6 127.2 293.3 1131.5

Cathode at OCV Cathode at 0.5 A cm�2

O2% P1 P2 P3 P4 P5 P1 P2 P3 P4 P5

80 0.8 7.9 5.4 �1.3 13.8 �3.1 �3.0 10.1 �5.7 41.9

60 1.8 11.5 17.0 �2.0 27.2 �3.9 �6.3 17.9 �3.3 18.0

40 0.0 29.5 19.6 �1.2 54.1 �9.2 �9.2 16.1 �2.7 39.9

20 �0.8 52.3 23.6 �1.4 115.6 �7.4 �11.3 27.0 5.0 112.2

10 �4.4 58.3 25.0 �4.8 167.2 �12.9 �13.3 58.6 �5.6 213.7

Fig. 3 e DRT analysis of the peaks vs H2 concentration at (a) OCV and (b) 0.5 A cm¡2. Five peaks are observed in the spectra.

The various gas mixtures contained, 20% H2 (black line), 50% H2 red line, 70% H2 (green), 97% H2 (blue). The polarization

resistance of each peak as a function of the percentage fraction of H2 in the DRT spectra is reported at (c) OCV and (d)

0.5 A cm¡2.
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~i¼ i0;c

"
bOER expðbOERhOEÞþbORR

�
CO2

CO2 ;0

�l

expð � bORRhcÞ
#ehc

� li0;c
CO2 ;0

�
CO2

CO2 ;0

�l�1

expð � bORRhcÞgCO2
þ juCc ehc

[5]

where u is the angular frequency of the sinus wave. Here we

define the OER (ROER), ORR (RORR) and total charge transfer

resistance (Rct;c) in the cathode:

ROER ¼ ½i0;cbOER expðbOERhcÞ��1 [6]

RORR ¼
"
i0;c

�
CO2

CO2 ;0

�l

bORR expð � bORRhcÞ
#�1

[7]

Rct;c ¼
�
R�1
OER þ R�1

ORR

��1
[8]

On can easily obtain

ZcðuÞ¼ ehc

~i
¼

264Rct;c þ
Rct;c

li0;c
CO2 ;0

�
CO2
CO2 ;0

�l�1

expð�bORRhcÞfCO2

~i

375
1þ juCcRct;c

¼ Rct;c þ ZD;O2

1þ juCcRct;c

[9]

where ZD;O2
is the oxygen diffusion impedance [25]:

ZD;O2
¼Rct;c

li0;c
4FDO2 ; XCO2 ;0

�
CO2

CO2 ;0

�l�1

expð � bORRhOEÞ
�gCO2

dfCO2
dy jTPB

[10]

DO2 ; X is the binary diffusion coefficient with the balance gas,X.

DO2 ; X decreases with the molecular weight of the balanced

gas, which will result in a rise in ZD;O2
. For the anode one can

also write:

ZaðuÞ¼Rct;a þ ZD;H2O þ ZD;H2

1þ juCaRct;a
[11]

where Rct;a considers the contribution from both hydrogen

evolution reaction (HER) and hydrogen oxidation reaction

(HOR).

2e0ðNiÞþH2OðgÞ þ V,,
O ðYSZÞ#O�

OðYSZÞ þ H2ðgÞ [12]

RHER ¼
�
i0;abHER

�
CH2O

CH2O;0

�n

expð � bHERhaÞ
	�1

[13]

RHOR ¼
�
i0;abHOR

�
CH2

CH2 ;0

�m

expðbHORhaÞ
	�1

[14]

Rct;a ¼
�
R�1
HOR þ R�1

HER

��1
[15]

The total impedance consists of basically six components

including ohmic resistance, charge transfer reactions in the

cathode (Rct;c), oxygen diffusion (ZD;O2
), charge transfer re-

actions in the anode (Rct;a), steam diffusion (ZD;H2O) and

hydrogen diffusion (ZD;H2
).

ZcellðuÞ¼Ro þ Rct;c þ ZD;O2

1þ juCcRct;c
þ Rct;a þ ZD;H2O þ ZD;H2

1þ juCaRct;c
[16]

The ohmic resistance can be separated from high fre-

quency intercept. The other five components do have an

imaginary component and each of them has a specific distri-

bution of relaxation time. As a result, if the relaxation time

distribution for two components is the same, these two

components may not be differentiated from this analysis.

The experimental results

Effect of anode gas composition on the EIS and DRT analysis
DC current-voltage (IV) and EIS measurements were acquired

by tuning the partial pressure of H2 (PH2) in the H2/N2 fuel

Fig. 4 e Balanced gas effect in anode, replace the N2 in the

anode with He. (a) IV, (b) EIS@OCV, and (c) EIS@0.5A cm¡2

vs anode gas composition.
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mixture. Different PH2 values result in changes in the anode

kinetics and the variety of anode impedance. In the IV curves

in Fig. 2a, the voltage drops as a function of the current den-

sity; the associated gradient become progressively steeper as

PH2 is decreased, indicating higher resistance, thus decreased

cell performance, as H2 is depleted at the triple phase

boundary. This may imply a performance limiting factor for

the operation of the SOFC, particularly at critically low PH2

(e.g., at 20% H2).

Fig. 2b and c display the EIS acquired at open-circuit

voltage (OCV) conditions (~1.1 V) and 0.5 A cm�2

(~0.9e0.7 V). The EIS curves feature at least two distinct but

overlapping arcs. The most prominent arc is observed at low

frequencies, while the second feature, arising at high

frequencies, intercepts the real impendence axis at

~0.180 U cm2 (ohmic resistance). The curves in Figure 2b and c

illustrate that the use of higher PH2 leads to lower ohmic and

polarization resistance, thus overall improvement in the SOFC

performance.

The combination of IV and EIS measurements offers

valuable, but rather generic insights into the loss processes,

which may limit cell performance. The intrinsic limitation of

such techniques is their inability to provide process-specific

information; here, the use of DRT approach provides a viable

way of disentangling such coupled processes. Fig. 3a and b

report the DRT spectra acquired at various PH2 at OCV and

0.5 A cm�2, respectively. The spectra exhibit at least five

distinct, although overlapping distributions (henceforth P1 e

Table 2 e Dependence of P1 e P5 on the buffer gas. The table reports the relative percentage changes calculated with
reference to the values at 97% H2 for the anode, and 100% O2 for the cathode.

Anode at OCV Anode at 0.5 A cm�2

% buffer P1 P2 P3 P4 P5 P1 P2 P3 P4 P5

47% He 2.7 �13.0 �4.3 �8.7 12.8 �10.5 3.3 2.6 10.9 11.5

77% He 6.1 �29.7 2.7 �12.6 55.0 �26.0 24.4 63.8 44.0 118.7

47% N2 0.5 0.6 21.8 16.5 80.4 �10.8 �4.9 7.1 15.9 33.1

77% N2 3.0 �8.1 16.7 21.7 78.1 �27.4 20.1 113.2 44.5 195.3

Cathode at OCV Cathode at 0.5 A cm�2

% buffer P1 P2 P3 P4 P5 P1 P2 P3 P4 P5

40% He �2.1 �15.5 24.1 18.5 23.5 �0.9 �2.3 �25.3 23.4 �12.0

80% He �5.5 �17.6 87.3 38.8 33.5 �1.9 �22.0 �44.4 71.2 �16.8

90% He �8.3 �12.0 85.9 49.5 70.1 �3.0 �10.4 �62.6 91.1 75.4

40% N2 �2.6 �29.8 37.9 16.1 42.0 �0.2 �10.3 �16.8 26.5 �8.1

80% N2 �8.1 �28.9 98.2 52.1 63.6 �4.2 �15.7 �57.8 85.9 21.6

90% N2 �11.9 �25.0 99.6 64.1 90.0 �3.9 �30.7 �52.5 90.0 325.1

Fig. 5 e DRT analysis of EIS at (a) OCV and (b) 0.5A cm¡2 with helium or nitrogen as balanced gas. The polarization resistance

of each peak as a function of the percentage fraction of H2 and nature of balanced gas (N2 vs He) in the DRT spectra is

reported at (c) OCV and (d) 0.5 A cm¡2.
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P5, from high frequency to low frequency), which can be

attributed to various physical and chemical processes with

different relaxation times contributing to the SOFC polariza-

tion resistance. P1 is a sharp high frequency peak at about

50 kHz. P2 locates from 1 kHz to 10 kHz, which merges with a

broad P3 (20Hze2000 Hz). P4 and P5 are both low frequency

peaks (0.2 Hze100 Hz) and contributes the most resistance at

OCV. By changing PH2 value in the anode, the polarization

resistance associated with each peak at different PH2 is dis-

played the bar charts in Fig. 3c and d, while Table 1 shows the

relative percentage changes at various PH2, with reference to

the measurement at 97% H2 (v. Table S1 for absolute values).

The distribution P5 provides the largest contribution to the

overall polarization resistance which increases with

decreasing PH2 and it depends more markedly on PH2 cf. P1 e

P4. While P5 dominates the DRT spectra, the distributions are

considerably overlapped, making it challenging to deconvo-

lute the individual peak contributions.

Analogous measurements were carried out in two the

carrier gases, namely N2 and He, at 50% and 20% H2 (Fig. 4).

While the IV measurements (Fig. 4a) show no substantial

difference between the two gases, the low frequency arc in the

EIS spectra show some dependence, more evidently at OCV

conditions (Fig. 4b), wherein the use of He yields to overall

lower polarization resistance. By contrast, the PH2 appears the

dominant limiting factor at 0.5 A cm�2. The corresponding

DRT spectra and associated analysis are reported in Fig. 5aed,

with absolute values and percentage changes in Table S2 and

Table 2. Again, the use of He leads to overall lower resistance

cf N2, especially with reference to P4 and P5.

The effect of cathode gas composition on the EIS and DRT
analysis
The IV and EIS measurements were acquired at 750 �C while

tuning the percentage fraction of O2 (PO2) between 10% and

100%,with the fuel composition fixed at 97%H2 (3%H2O) at the

anode. High PO2 induces faster cathode kinetics and lower

cathode resistance.

As for the anode, the IV traces in Fig. 6a show a progres-

sively steeper gradient as PO2 decreases, implying that high

PO2 is a determining factor for optimal cell operation. The EIS

spectra in Fig. 6b and c display multiple, convoluted arcs.

Here, the ohmic resistance is independent of PO2. However,

the polarization resistance varies considerably at different gas

compositions, with the lowest resistance found at 100% O2.

The corresponding DRT spectra are reported in Fig. 7a and

b with the associated analysis displayed in panels c and d.

Relative percentage changes in the polarization resistance for

P1 e P5 are displayed in Table 1 (relative to 100% O2) while the

absolute values can be found in Table S3. Again, P5 is themost

heavily affected by changes in the gas composition, with

lower contributions at high PO2. At OCV, both P2 and P3 show

similar although less pronounced trends cf. P5, while P2 and

P4 seem less affected by the gas composition.

Effect of the buffer gas in cathode (N2 and He) is reported in

Figs. 8 and 9. The IV curves (Fig. 8a) show the same trends for

both gases; however, the use of He returns lower resistance at

low PO2. The observation is consistent with the EIS spectra

(Fig. 8b and c), wherein the polarization resistance in He is

lower. By analysis of the DRT spectra (Fig. 9 ae d, Table S4 and

Table 2), it is deduced that some dependence on the balance

gas may be observed for P4 and P5.

General discussion

The DRT analysis at OCV
The DRT analysis performed above relies on tuning the gas

composition at each electrode to assess its contributions to

the SOFC impedance. This approach relies on the assumption

that peaks are sufficiently decoupled and resolved, so as to

allow to identify the processes occurring at each electrode by

using appropriate changes in the corresponding gas

Fig. 6 e IV, EIS@OCV, and EIS@0.5A/cm2 vs cathode gas

composition (10% O2, 21% O2, 60% O2 and 100% O2,

balanced by N2).
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composition. In reality, as also observed in this study,multiple

peaks in the DRT spectra may embed considerable contribu-

tions of both anode and cathode. In these circumstances,

separation and quantification of cathode and anode contri-

butions might be challenging.

For instance, in Fig. 7, we differentiate the cathode pro-

cess in DRT based on the response of peaks on oxygen partial

pressure. The cathode material, LSCF, is a mixed ionic and

electronic conductor and higher PO2 value results in the

oxidation of B site ions to create more electronic defects and

higher electronic conductivity [26]. In addition, the oxygen

ion transport is sluggish with the reduction in oxygen va-

cancy concentrations due to high PO2 [27], which shows the

increase in P1. Comparison with similar studies in recent

literature may suggest that this peak arises from to ionic

conduction and/or charge transfer processes [28e30]. The

electrochemical reactions, OER and ORR, are also affected by

oxygen concentrations, which contributed with significant

cathode impedance. Under open circuit condition, the over-

potential equals 0,

Rct;c ¼
"
i0;cbOER þ i0;c

�
CO2

CO2 ;0

�l

bORR

#�1

[17]

The resistance, Rct;c, comes from the parallel relation be-

tween OER and ORR. Under most cases, ORR kinetics is faster

due to its lower Tafel slope and higher oxygen concentration

leads to lower Rct;c. In addition, the impedance arises from the

oxygen diffusion, ZD;O2
, is proportional to Rct;c (Eq. [10]).

Therefore, Fig. 7 indicates P3 to P5 have a clear response to

changes PO2, suggesting that also a substantial cathodic

resistance may arise in correspondence of P3 to P5 as the low

PO2. To further differentiate the gas diffusion, oxygen is

balanced by two inert gases (N2 and He) The light He balance

gas results in higher binary diffusion coefficient [31], which

leads to lower ZD;O2
values. By only changing the diffusion

coefficient, the resistance contribution from cathode gas

diffusion can be identified. When considering Fig. 9, different

buffer gas with same PO2 at the cathode largely affects P5,

indicating P5 is governed by oxygen diffusion in the electrode.

In Fig. 3, the decreases of PH2 results in the drop of cell

impedance. At open circuit condition, the overpotential

equals 0 and the resistance due to the electrochemical reac-

tion in anode (Rct;a) can be written as

Rct;a ¼
�
i0;abHER

�
CH2O

CH2O;0

�n

þ i0;abHOR

�
CH2

CH2 ;0

�m��1

[18]

All the reactions are reversible under OCV and their ki-

netics contributes to the anode exchange current density.

Lower PH2 indicates lower CH2
and therefore higher Rct;a. In

addition, higher Rct;a leads to higher ZD;H2O and ZD;H2
values.

Thus, DRT spectrum changes in P3, P4 and P5 (Fig. 3) can be

ascribed to resistance arising from the anode processes

Fig. 7 e DRT analysis of the peaks vs O2 concentration. @OCV and @0.5A cm¡2.
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related to reactions and gas diffusion. Analogy to the cathode

diffusion process study, P4 and P5 show significant response

to the balance gas in anode, which is agreement with previous

studies performed on SOFC assemblies, which attribute a low

frequency peak (1e10 Hz) to the diffusion of fuel gas mixture

at the anode [16,28,29,32].

One may notice that P5 contributes the most to the

impedance at OCV condition and represents both cathode and

anode gas diffusion processes. Furthermore, P3 e P4 are also

dependent on both PH2 and PO2, suggesting, again, both

cathodic and anodic resistances are embedded into these

peaks, making it challenging to deconvolute the contribution

of each electrode. In accord with previous literature [29], these

trends for P3 and P4 suggest that these contributions to po-

larization resistance arise from electrochemical or charge

transfer processes. Oxygen ion transport in the anode also

contributes significantly to the impedance; such contribution

is determined by the conductivity of the YSZ phase in the

composite anode. The concentration of charge carrier, oxygen

vacancy, can hardly change with PH2 variation in the range

0.2e0.97 atm. P2 keeps almost a consistent shape by changing

either PH2 and PO2 value at OCV, and it locates at high fre-

quency (1 kHze10 kHz) and represent ion transport process in

the anode. The position and processes of all peaks are sum-

marized in Table 3.

Finally, an additional consideration should be made when

analysing DRT spectrawith the purpose of assessing anode and

cathode contributions to the SOFC impedance. The DRT anal-

ysis is generally considered a valid approach to investigate the

physical and chemical processes contributing to the SOFC

impedance without any a priori knowledge or initial assump-

tions. However, the single DRT spectra, taken alone, do not

carry any intrinsic information about such processes; only

through systematic studies, wherein a single parameter (tem-

perature, gas composition, current density etc) is judiciously

varied at once, it is possible to obtain insights into the SOFC

mechanisms and their contribution to the impedance [33]. The

presence of multiple variables which can affect and determine

cathodic and anodic resistances makes separating electrode

contributions challenging. For instance, Fig. 10 shows two DRT

spectra which are acquired under different conditions; the

spectra suggest that different operating conditions can lead to

equivalent DRT spectra. In this case, by changing both PO2 and

PH2, similar spectral pattern can be obtained. Two or more

variablesmake the deconvolution problemsmore complex and

require more attention on the separation of anode and cathode

impedance. Though DRT analysis itself does not depend on the

Fig. 8 e Changing the balanced gas in the cathode

atmosphere on the IV and EIS of the fuel cell.

Table 3 e Summary of all peaks with their corresponding frequencies and processes.

Peaks Frequency Range Process

P1 ~50 kHz Ion transport in cathode.

P2 1 kHze10 kHz Ion transport in anode

P3 20Hz to 2000 Hz Cathode and anode electrochemical reactions (charge transfer)

P4 10 Hze100 Hz Cathode and anode electrochemical reactions (charge transfer) and

anode gas diffusion

P5 0.2 Hze20 Hz Cathode gas diffusion and anode gas diffusion
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physical process, a better deconvolution process should be

based on more reasonable fitting functions relying on a better

understanding of the process mechanisms.

The DRT analysis at 0.5 A cm�2

The effect of current density was explored in each set of

measurements, as this parameter can have a great impact in

the resulting spectra. The EIS measurements at 0.5 A cm�2

(Figs. 2c and 4c) show that, while the ohmic resistance remain

relatively unaffected, the impedance arcs become consider-

ably less prominent cf. the equivalent measurements at OCV,

which suggests overall lower polarization resistance. The

charge transfer resistances for cathode and anode are reduced

significantly due to the exponential term (hc < 0 and ha >0) in

Butler-Volmer equation.

Rct;c ¼
"
i0;cbORR

�
CO2

CO2 ;0

�l

expð � bORRhcÞ
#�1

[19]

Rct;a ¼
�
i0;abHOR

�
CH2

CH2 ;0

�m

expðbHORhaÞ
	�1

[20]

As diffusion impedances are associated with the charge

transfer resistances, their values also decrease. More specific

information regarding the impact of current density on

cathodic and anodic resistances can be obtained through DRT

analysis. In terms of absolute values, if one considers the

equivalentmeasurements at 97%H2 and 100%O2 in Figs. 3b and

5b, the decrease in polarization resistance is largely associated

with P3 e P5, while the resistance associated with P1 and P2

appear less affected. Furthermore, a more pronounced depen-

dence on the PH2 and PO2 cf. OCV is observed, especially for P5

(Table 1, S1 and S2). The distribution P3 also seems to increase

more sharply with decreased PH2 and PO2 cf. OCV conditions.

Fig. 9 e DRT analysis of EIS at OCV and 0.5A cm¡2 with different O2 concentration and balanced gas.

Fig. 10 e Similar DRT spectrums under different conditions

at (a) OCV and (b) 0.5A cm¡2.
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Other processes may exhibit different dependence on either or

both PH2 and PO2 cf. OCV conditions. For instance, P1 and P2 are

now shown to decrease at lower PO2.

In general, the results indicate that while current density

leads to overall lower SOFC resistance, gas diffusion resistance

appears to be heavily impacted by the current density, with the

anodic contribution to the SOFC being considerably reduced,

while a weaker effect of current density is observed for other

peaks, such as those associatedwith charge transfer processes.

Conclusions

Systematic electrochemical studies were performed to eval-

uate the contributions of cathode and anode to the overall

resistance of the SOFC. IV and EIS measurements were first

undertaken to evaluate the overall cell resistance. DRT anal-

ysis allowed obtaining process-specific information regarding

losses occurring during operation of the cell. The analysis

allowed deconvoluting and quantifying contributions to the

resistance of processes occurring at the anode and cathode

and their dependence on operating conditions, such as con-

centration of reactants or nature of the carrier gas. Judging

from the DRT spectra, five peaks were observed in an SOFC,

which are attributed to the charge and mass transfer in elec-

trodes and across the interfaces. While it is natural to assign a

specific peak to an electrode, this work shows that both

electrodes may contribute to various peak at the same time.

More importantly, it is possible that two distinctive operations

may exhibit a similar DRT spectrum. While DRT analysis is

indeed very powerful, extra attention is needed when using it

to assign a peak to a specific electrode process.
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