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(57) ABSTRACT

In one embodiment, there is provided a fuel cell evaluator for
evaluating a characteristic of a fuel cell based on a frequency
characteristic of impedance of the fuel cell. The evaluator
includes: an impedance acquisition unit configured to acquire
impedances of the fuel cell for a certain current value in a
Tafel region by changing a measurement frequency; an
extraction unit configured to extract a reaction resistance
from the acquired impedances; a calculator configured to
calculate the product of the reaction resistance and the certain
current value; and an indicator configured to indicate the
product calculated by the calculator as the frequency charac-
teristic of the impedance of the fuel cell.
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FUEL CELL EVALUATOR AND FUEL CELL
EVALUATION METHOD

[0001] This application claims priority from Japanese
Patent Applications No. 2010-274391, filed on Dec. 9, 2010,
No. 2010-274392, filed on Dec. 9, 2010, No. 2010-292433,
filed on Dec. 28, 2010, and No. 2011-226688, filed on Oct.
14,2011, the entire contents of which are herein incorporated
by reference.

BACKGROUND
[0002] 1. Technical Field
[0003] The present disclosure relates to a fuel cell evaluator

for evaluating characteristic of a fuel cell based on electro-
chemical measurement. Particularly, the present disclosure
relates to a fuel cell evaluator using impedance as a value of
characteristic evaluation.

[0004] 2. Related Art

[0005] Electrode reaction in a fuel cell generally progresses
through the three stages, i.e. (1) transportation of a reactant to
an electrode surface; (2) charge transfer reaction on the elec-
trode surface; and (3) deviation of'a product from an electrode
surface. To separate and analyze each stage of electrode reac-
tion is very important for evaluation of factors of degradation
in characteristic and performance of an electrode, etc. To
know the dominant degree of each stage of electrode reaction
is very important for evaluation of factors of degradation in
characteristic and performance of an electrode, etc.

[0006] Particularly, to measure characteristics in a current
region not affected by concentration overvoltage is effective
for analysis of characteristic of an electrode per se, A tafel
slope indicating the relation between the logarithm of current
and potential is one of such characteristics. FIG. 15 shows the
Tafel slope. As shown in FIG. 15, the Tafel slope varies
according to regions b1 and b2. In the region b1, almost of a
platinum surface is covered with adsorbed oxygen species
(oxide film) so that a Tafel slope caused by reaction called
Temkin-Type is observed. On the other hand, in the region b2,
all oxide on the platinum surface is reduced so that a Tafel
slope caused by reaction on a bare platinum surface called
Langmuir-Type is observed.

[0007] As amethod for separating and indicating overvolt-
age in a fuel cell, there is a technique disclosed in JP-A-2009-
48814. According to this technique, a Tafel slope in a region
of very low load (not higher than 0.01 A/cm?) in Tafel plots is
obtained and an activation overvoltage is calculated. Then, a
film resistance value is obtained from a zero-crossing value
on the high frequency side of impedance measurement, and a
resistance overvoltage is obtained. Finally, the remaining part
of overvoltage is regarded as concentration overvoltage.
[0008] Moreover, to measure characteristics in a current
region not affected by concentration overvoltage is effective
for analyzing characteristic of an electrode per se. A Tafel
slope indicating the relation between the logarithm of current
and potential is one of such characteristics. There is further
known a method in which the horizontal axis is expressed in
the logarithm of current density and the vertical axis is
expressed in cell voltage so that a fuel cell is evaluated based
on the size, etc. of the linear slope (Tafel slope). (see e.g.,
JP-A-2009-48813)

[0009] On the other hand, impedance is a method effective
for totally evaluating electrode reaction from frequency char-
acteristic. However, the magnitude of impedance changes

Jun. 14, 2012

sensitively according to change of the current value at a
measurement operating point because reaction resistance
(R, of an electrode is inversely proportional to current (ac-
cording to the Butler-Volmer equation). For this reason, it is
necessary to evaluate impedance while discriminating
between reaction stages of the regions b1 and U.

[0010] There may be a case where actually measured
impedance may include DC resistance (such as contact resis-
tance, film resistance, etc.) and reaction resistance-indepen-
dent impedance as in a distributed constant region indicating
characteristic of a porous electrode. Because the Tafel slope is
characteristic based on reaction resistance as described
above, there are circumstances that the relation between the
Tafel slope and impedance cannot be obtained accurately
before only reaction resistance is extracted when the relation
is to be acquired.

[0011] Itis generally conceived that two Tafel slopes of —60
mV/dec (b1: with adsorbing process) and —120 mV/dec (b2:
without adsorbing process) are present in oxygen reduction
reaction. here is however a high possibility that the aforemen-
tioned region not larger than 0.01 A/ecm?® will be a region b1.
Accordingly, there is a possibility that activation overvoltage
at actually used current density will be undervalued if the
Tafel slope (b1) obtained by this technique is used. It is
therefore necessary to acquire the second Tafel slope (b2) in
order to evaluate activation overvoltage appropriately. There
is however a possibility that the influence of concentration
overvoltage cannot be ignored in the load region not smaller
than 0.01 A/cm?. It is difficult to determine the place affected
by concentration overvoltage and it is difficult to obtain the
Tafel slope accurately in the region. In addition, because
diffusion resistance varies according to the current value at
the operating point, it has been heretofore difficult to evaluate
diffusion resistance.

[0012] In evaluation of characteristic of a fuel cell accord-
ing to the related art, particularly in evaluation of catalyst, itis
necessary to acquire reproducible current-voltage character-
istic (Tafel curve) for likelihood evaluation. It is however
known that the Tafel curve varies according to the preprocess-
ing condition and the environmental condition of measure-
ment. Therefore, the preprocessing condition and the envi-
ronmental condition of measurement must be trued up in
order to measure the Tafel curve in a stable power generation
state of the fuel cell. Accordingly, a lot of labor and man-hour
is taken.

SUMMARY OF THE INVENTION

[0013] Exemplary embodiments of the present invention
address the above disadvantages and other disadvantages not
described above. However, the present invention is not
required to overcome the disadvantages described above, and
thus, an exemplary embodiment of the present invention may
not overcome any disadvantages.

[0014] Itis an illustrative aspect of the invention to provide
a fuel cell evaluator and a fuel cell evaluation method which
can use impedance as a useful characteristic value for evalu-
ation of electrode performance.

[0015] Further, it is another illustrative aspect of the inven-
tion to provide a fuel cell evaluator, which can evaluate dif-
fusion performance and can contribute to evaluation of reac-
tion processes in Tafel regions.

[0016] Still further, it is another illustrative aspect of the
invention to provide a fuel cell evaluator and a fuel cell
evaluation method which can grasp that the fuel cell is in a
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stable power generation state without adjustment of the pre-
processing condition and the environmental condition of
measurement.

[0017] According to one or more illustrative aspects of the
present invention, there is provided a fuel cell evaluator for
evaluating a characteristic of a fuel cell based on a frequency
characteristic of impedance of the fuel cell. The evaluator
includes: an impedance acquisition unit configured to acquire
impedances of the fuel cell for a certain current value in a
Tafel region by changing a measurement frequency; an
extraction unit configured to extract a reaction resistance
from the acquired impedances; a calculator configured to
calculate the product of the reaction resistance and the certain
current value; and an indicator configured to indicate the
product calculated by the calculator as the frequency charac-
teristic of the impedance of the fuel cell.

[0018] According to one or more illustrative aspects of the
present invention, the extraction unit is configured to extract
the reaction resistance by removing DC resistance compo-
nents not involved in the reaction resistance from the imped-
ances.

[0019] According to one or more illustrative aspects of the
present invention, the extraction unit is configured to remove
the DC resistance components in a distributed constant
region.

[0020] According to one or more illustrative aspects of the
present invention, the extraction unit is configured to remove
the DC resistance components by using model fitting.
[0021] According to one or more illustrative aspects of the
present invention, the impedance acquisition unit is config-
ured to acquire impedances of the fuel cell for a plurality of
current values in a plurality of Tafel regions; the extraction
unit is configured to extract reaction resistances from the
acquired impedances; and the calculator is configured to cal-
culate the product of each of the reaction resistances and the
corresponding current value.

[0022] According to one or more illustrative aspects of the
present invention, there is provided a fuel cell evaluation
method for evaluating a characteristic of a fuel cell based on
a frequency characteristic of impedance of the fuel cell. The
method includes: (a) acquiring impedances of the fuel cell for
a certain current value in a Tafel region by changing a mea-
surement frequency; (b) extracting a reaction resistance from
the acquired impedances; (c) calculating the product of the
reaction resistance and the certain current value; and (d)
indicating the calculated product as the frequency character-
istic of the impedance of the fuel cell.

[0023] According to one or more illustrative aspects of the
present invention, there is provided a fuel cell evaluator for
evaluating a characteristic of a fuel cell based on an electro-
chemical characteristic of the fuel cell. The evaluator
includes: a Tafel plot acquisition unit configured to acquire
Tafel plots of the fuel cell; and a diffusion region extraction
unit configured to extract a diffusion region based on the Tafel
plots, wherein a Tafel slope is proportional to a current in the
diffusion region.

[0024] According to one or more illustrative aspects of the
present invention, the fuel cell evaluator, further includes: an
impedance acquisition unit configured to acquire impedances
in the diffusion region by changing a current value and a
measurement frequency; and a diffusion evaluation param-
eter calculator configured to calculate a ratio AZi/Ai of a
difference AZi of the product of the impedance and a mea-
surement current value to a difference Ai of the measurement
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current value as a diffusion evaluation parameter C by chang-
ing the measurement current value.

[0025] According to one or more illustrative aspects of the
present invention, the fuel cell evaluator, further includes: an
estimation unit, configured to estimate impedances in a Tafel
region as impedance at a lower limit current value of the
diffusion region by using a difference AOi between the lower
limit current value and the measurement current value and the
diffusion evaluation parameter C.

[0026] According to one or more illustrative aspects of the
present invention, the diffusion evaluation parameter calcu-
lator is configured to calculate an evaluation parameter of a
limiting diffusion current having frequency information
obtained by transforming the diffusion evaluation parameter
C according to a theoretical equation.

[0027] According to one or more illustrative aspects of the
present invention, there is provided a fuel cell evaluation
method for evaluating a characteristic of a fuel cell based on
an electrochemical characteristic of the fuel cell. The method
includes: (a) acquiring Tafel plots of the fuel cell; and (b)
extracting a diffusion region based on the Tafel plots, wherein
a Tafel slope is proportional to a current in the diffusion
region.

[0028] According to one or more illustrative aspects of the
present invention, the method further includes: (¢) acquiring
impedances in the diffusion region by changing a current
value and a measurement frequency; and (d) calculating a
ratio AZi/Ai of a difference AZi of the product of the imped-
ance and a measurement current value to a difference Ai of the
measurement current value as a diffusion evaluation param-
eter C by changing the measurement current value.

[0029] According to one or more illustrative aspects of the
present invention, the method further includes: (e) estimating
impedances in a Tafel region as impedance at a lower limit
current value of the diffusion region by using a difference AO1
between the lower limit current value and the measurement
current value and the diffusion evaluation parameter C.
[0030] According to one or more illustrative aspects of the
present invention, step (d) includes: (d-1) calculating an
evaluation parameter of a limiting diffusion current having
frequency information obtained by transforming the diffu-
sion evaluation parameter C according to a theoretical equa-
tion.

[0031] According to one or more illustrative aspects of the
present invention, there is provided a fuel cell evaluator for
evaluating a characteristic of a fuel cell in a power generation
state. The evaluator includes: an impedance acquisition unit
configured to acquire impedances of the fuel cell by changing
a current value while measuring a characteristic of the fuel
cell; and a calculator configured to calculate standardized
impedances obtained by the product of the impedances and
current densities corresponding to the impedances.

[0032] According to one or more illustrative aspects of the
present invention, the calculator is configured to determine
that the fuel cell is in a stable power generation state, by
confirming two different Tafel regions, wherein the standard-
ized impedance for each of the current densities is constant in
the respective Tafel regions.

[0033] According to one or more illustrative aspects of the
present invention, the fuel cell evaluator further includes: an
indicator configured to indicate the standardized impedances
as an index for the power generation state of the fuel cell.
[0034] According to one or more illustrative aspects of the
present invention, there is provided a fuel cell evaluation
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method for evaluating a characteristic of a fuel cell in a power
generation state. The method includes: (a) acquiring imped-
ances of the fuel cell by changing a current value while
measuring a characteristic of the fuel cell; and (b) calculating
standardized impedances obtained by the product of the
impedances and current densities corresponding to the
impedances.

[0035] According to one or more illustrative aspects of the
present invention, the method further includes: (c¢) determin-
ing that the fuel cell is in a stable power generation state, by
confirming two different Tafel regions, wherein the standard-
ized impedance for each of the current densities is constant in
the respective Tafel regions.

[0036] Other aspects and advantages of the present inven-
tion will be apparent from the following description, the
drawings and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] FIG. 1 is a block diagram showing a fuel cell mea-
suring system;
[0038] FIG. 2 is a flow chart showing a process of extract-

ing reaction resistance and standardizing impedance;

[0039] FIG. 3 is a graph showing impedance acquired
based on measurement in regions b1 and b2;

[0040] FIG.4 isa graph showing impedance after DC resis-
tance correction;

[0041] FIG.5isagraph showing |ZI-f characteristic and 0-f
characteristic of impedance (after DC resistance correction)
shown in FIG. 4;

[0042] FIG. 6 is a graph showing a method for a model
fitting process;
[0043] FIG. 7 is a graph showing impedance origin-cor-

rected in consideration of the distributed constant region;
[0044] FIG. 8 is a graph showing impedance characteristic
obtained by applying a standardizing process to extracted
reaction resistance;

[0045] FIG.9 is aview showing a transmission line model;
[0046] FIG. 10 is a flow chart showing a procedure of
operation of a control arithmetic device;

[0047] FIG. 11 is a graph illustrating frequency character-
istic in the case where impedance of the fuel cell is measured
while the AC frequency is changed;

[0048] FIG. 12 is a graph showing a method for obtaining
mobility coefficient o..;

[0049] FIG.13is a graph showing the principle of a method
for determining a concentration-independent region;

[0050] FIG. 14 is a graph showing an example in which the
influence of diffusion appears in Tafel plots from a region of
a relatively small current;

[0051] FIG. 15 is a graph showing plots in the case where
the x axis of Tafel plots is changed to Log(I,/I1;-L));

[0052] FIG. 16 is a block diagram showing a fuel cell mea-
suring system;
[0053] FIG. 17 is a flow chart showing operation of the

measuring system,

[0054] FIG. 18 is a graph showing Tafel plots measured up
to a diffusion region;

[0055] FIGS. 19A and 19B are graphs showing Tafel plots,
in which FIG. 19A is a graph showing current-Tafel slope
characteristic and FIG. 19B is a graph showing logarithm of
current-Tafel slope characteristic;

[0056] FIG.20isagraph showing current-Tafel slope char-
acteristic in the case where the influence of diffusion appears
from the region b2;

Jun. 14, 2012

[0057] FIG. 21 is a graph showing current-Tafel slope char-
acteristic in the case where the influence of diffusion appears
from the region bl;

[0058] FIG. 22 is a graph showing current-Tafel slope char-
acteristic after diffusion correction;

[0059] FIG. 23 is a graph showing standardized impedance
measured at each operating point;

[0060] FIG. 24 is a graph illustrating a diffusion perfor-
mance evaluation parameter calculated;

[0061] FIG. 251s a graph showing standardized impedance
after diffusion correction;

[0062] FIGS.26A and 268 are diagrams showing a fuel cell
(assembly cell) evaluator, in which FIG. 26A is a diagram
showing a section of a fuel cell at the time of measuring
characteristic of the fuel cell and a method of connection at
the measuring time and FIG. 26B is a block diagram func-
tionally showing the configuration of the evaluator.

[0063] FIGS. 27A to 27C are graphs showing examples of
measured data, in which FIG. 27A is a graph showing volt-
age-current characteristic, FIG. 27B is a graph showing stan-
dardized impedance Z-current characteristic and FIG. 27C is
a graph showing Cole-Cole plots of standardized impedance

[0064] FIG. 28 is a flow chart showing operation of a mea-
surement evaluator;

[0065] FIGS. 29A and 29B are graphs illustrating current-
voltage characteristic and standardized impedance obtained
in a stage of an unstable power generation state; and

[0066] FIG. 30 is a graph showing Tafel slopes.
DETAILED DESCRIPTION
[0067] Exemplary embodiments (Embodiments 1to3)ofa

fuel cell evaluator according to the invention will be
described below.

Embodiment 1

[0068] FIG. 1 is a block diagram showing a fuel cell mea-
suring system as a fuel cell evaluator according to Embodi-
ment 1.

[0069] The fuel cell 100 shown in FIG. 1 is a single cell
which has such a structure that an electrolytic film 101 having
a surface modified with Pt/C catalyst is held between an
anode 102 having a gas diffusion layer and a cathode 103
having a gas diffusion layer. A split electrode 104 split from
the anode 102 is provided on a side of the anode 102. The
anode 102 and the split electrode 104 are electrically insu-
lated from each other.

[0070] Atthetime of measurement, hydrogen is supplied to
the anode 102 and air or oxygen is supplied to the cathode 103
to make a power generation state. Electrochemical measure-
ment is performed by a triode system. When cathode charac-
teristic is evaluated, the cathode 103 is used as a working
electrode while the anode 102 is used as a counter electrode.
In addition, the anode-side, other split electrode 104 electri-
cally insulated from the anode 102 and the cathode 103 is
used as a reference electrode (RHE). As shown in FIG. 1, the
anode 102, the cathode 103 and the split electrode 104 are
connected to a potentiostat 1, so that respective results of
measurement by the potentiostat 1 are transferred to a
recorder 2.

[0071] As shown in FIG. 1, a control arithmetic device 3 is
connected to the potentiostat 1 and the recorder 2. The control
arithmetic device 3 executes control of the potentiostat 1,



US 2012/0145564 Al

acquisition of the measurement results from the recorder 2
and arithmetic operation based on the acquired measurement
results.

[0072] Hydrogen is supplied to the anode 102 of the fuel
cell 100 while air or oxygen is supplied to the cathode 103.
These supplied gases are given through a gas supply device 4
shown in FIG. 1. The gas supply device 4 is connected to the
control arithmetic device 3, so that the gas concentration, flow
rate, temperature, etc. of each gas supplied to the fuel cell 100
are controlled by the control arithmetic device 3 through the
gas supply device 4.

[0073] As shown in FIG. 1, the control arithmetic device 3
has: a load controller 31 which controls the potentiostat 1; a
Tafel plot acquisition unit 32 which acquires Tafel plots by
changing the current value of the fuel cell 100 under a con-
stant amount of supplied gas; an impedance acquisition unit
33 which acquires impedance of the fuel cell 100 based on
measurement data (voltage value and current value) acquired
by superposing an alternating current on a current of each
current value; a Tafel region calculator 34 for extraction of a
Tafel region which will be described later; a gas supply con-
troller 35 which controls the gas supply device 3; a standard-
ized impedance calculator 36 which applies a standardization
process which will be described later to the impedance
acquired by the impedance acquisition unit 33; and an indi-
cator 37 which presents a result of calculation by the stan-
dardized impedance calculator 36.

[0074] Either voltage regulation or current regulation may
be used for load control using the potentiostat 1. The voltage
regulation or current regulation is controlled according to a
condition designated by the load controller 31 so that mea-
sured data (voltage value/current value) are recorded by the
recorder 2. Tafel plots are acquired by the Tafel plot acquisi-
tion unit 32, and gas concentration control is performed in
such a manner that nitrogen is mixed with introduced gas by
the gas supply controller 35 and the gas supply device 4. DC
resistance correction of Tafel plots and concentration correc-
tion due to shifting, which will be described later, are per-
formed by the Tafel region calculator 34. Impedance of the
fuel cell 100 is acquired by the impedance acquisition unit 33.
A series of standardization steps (steps S102 to S105 which
will be described later) including correction of DC resistance
and distributed constant region is performed by the standard-
ized impedance calculator 36 so that a result of calculation is
presented as a frequency characteristic value on a monitor or
the like by the indicator 37. Besides raw data (voltage value/
current value), results of calculation by the Tafel region cal-
culator 34 and the standardized impedance calculator 36 may
be recordable in the recorder 2.

[0075] FIG. 2 is a flow chart showing a process of extract-
ing reaction resistance and standardizing impedance. Reac-
tion resistance of the fuel cell 100 can be extracted and stan-
dardized impedance can be calculated in accordance with a
procedure shown in this flow chart.

[0076] First, in step S101, impedance in each of regions b1
and b2 different in Tafel slope is measured. Although it is
necessary to extract the regions bl and b2 correctly in
advance here, the extracting procedure will be described later.
[0077] FIG. 3 is a graph showing impedance acquired by
the impedance acquisition unit 33 based on measurement in
the regions bl and b2. In FIG. 3, Zil represents impedance at
current il, Zi2 represents impedance at current i2, Zi3 repre-
sents impedance at current i3, and Zi4 represents impedance
at current i4. The currents i1 and i2 correspond to the region
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b1 whereas the currents i3 and 14 correspond to the region b2.
The currents i1 to i4 have the relation 11<i2<i3<i4.

[0078] Anintersection point of thereal axis of impedanceis
now defined as zero crossing. In the example shown in FIG. 3,
it is found that the high frequency side zero crossing value is
not zero but there is a DC resistance component (Rj,.).
Because the DC resistance component has no direct relation
to reaction resistance, origin correction is performed in step
S102 in such a manner that the high frequency side zero
crossing value is regarded as a DC resistance value and the
DC resistance value is subtracted.

[0079] FIG. 4 is a graph showing impedance after DC resis-
tance correction in the step S102. In FIG. 4, it can be con-
firmed that the high frequency side zero crossing value is set
as the origin.

[0080] FIG.5isa graph showing |ZI-f characteristic and 0-f
characteristic of impedance (after DC resistance correction)
shown in FIG. 4.

[0081] Then, in step S103, the distributed constant region is
discriminated. It is found from FIGS. 4 and 5 that a linear
region of impedance appears on the high frequency side. It is
generally known that such a line of 45° appears on the high
frequency side of a porous electrode (distributed constant
region). Equations eq.1, eq.2 and eq.3 which are established
with respect to the distributed constant region are given as
follows,

3 eq. 1
As for crossover frequency fi, f; = RO
ion Catt
. eq. 2
As for impedance Z', Z;,;,;, = L[ Ren
s Vo N 2Ca
. eq. 3
As for impedance Z”, 7}, , = 1 Rion
> Lhigh = f 2
2 dl

[0082] R, is proton shift resistance of a catalyst layer, and
C is capacitance of an electric double layer.

[0083] It is apparent from these equations that the distrib-
uted constant region does not depend on reaction resistance
R, Accordingly, unless the distributed constant region is
removed, reaction cannot be separated accurately by stan-
dardization which will be described later.

[0084] An example of a region judged to be a distributed
constant region in step S103 is shown in FIG. 5. In the
example shown in FIG. 5, the possibility that in-catalyst pro-
ton shift resistance (R,,,,) or electric double layer capacitance
(C,p) will vary according to each reaction step is allowed so
that a region of from the zero-crossing frequency to a fre-
quency satistying “a region having 0-f characteristic of
45°+5° (a gray zone portion)” and “not larger than 5% of
difference of a low frequency zero crossing value in compari-
son of impedance |Z| different in operating point in the same
reaction step” is judged to be a distributed constant region.
Incidentally, the specific criterion for determining the distrib-
uted constant region can be changed suitably based on the
thought that in-catalyst proton shift resistance does not
change even in a different reaction step or the thought that the
line is not limited to the 45' line.

[0085] Then, in step S104, a model fitting process except
the distributed constant region is performed.

[0086] FIG. 6 is a graph showing the method of the model
fitting process in the step S104. Here, a fitting software is used
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for performing model fitting of another frequency band than
the distributed constant region, that is, only a low frequency
band exhibiting the influence of reaction resistance. In FIG. 6,
only data with respect to Zi3 are exemplified and an upper
limit frequency in the distributed constant region with respect
to Zi3 is setas f, . Here, DC resistance components caused by
distribution characteristic (transmission line model) are
generically defined as R,,,,... A circuit in which R,,,,,, and a
reaction impedance model (Z,) are connected in series (as
shown in FIG. 6) is used as an equivalent circuit model. It is
preferable that a model regarded as expressing actual reaction
steps is used as a reaction impedance model (Z,). The model
can be selected suitably. Here is shown an example in which
asecondary model of R//C is simply used as Zfor performing
fitting. By this fitting, values of R, and R ,,,,, are obtained so
that reaction resistance can be simply extracted as a reaction
arc.

[0087] FIG. 7 is a graph showing impedance after origin
correction in consideration of the distributed constant region.
In FIG. 7, Rpore obtained by the aforementioned procedure is
subtracted from impedance shown in FIG. 4 to correct the
origin.

[0088] Here, because each of processes of the steps S102
and S104 is a process of removing DC resistant components,
(R,,,.+Rp) may be collectively calculated in the step S104.
[0089] Then, in step S105, a standardizing process is
applied to impedance after removal of DC resistance compo-
nents and extraction of only reaction resistance. Here, a cur-
rent value at each operating point of impedance measurement
is multiplied by the origin-corrected impedance (FIG. 7) to
thereby standardize impedance.

[0090] The relation between impedance and a measured
current value at the time of measurement of impedance will
be described here.

[0091] Inaregion where the influence of diffusion does not
appear (concentration-independent region), current I and
voltage E have the relation of'a Tafel equation (equationeq.4).
In the equation eq.4, b is a Tafel slope. On the other hand, for
impedance measurement, impedance is calculated in accor-
dance with an equation eq.5 on the assumption that response
of'an output voltage to AC modulation of an input current has
a linear relation.

E=a+bx log! eq.4
dE eq. 5

=
[0092] From the equation eq.4, the concentration-indepen-

dent region has the relation of an equation eq.6.

dE
al

1 eq. 6
_b-7

[0093] Accordingly, in the concentration-independent
region, the product I-Z of impedance Z and the measured
current value I is a constant value.

[0094] This relation has been mentioned, for example, in
the article entitled “Aralysis of Relationship between Current
Distribution and Impedance in Porous Electrode”, Shigenori
Mitsushima, Nobuyuki Kamiya and Ken-ichiro Ota, Electro-
chemistry, P.810-814, 2006. In the article, there is a descrip-
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tion that the deformation of the I-Z arc due to frequency
change is used for considering the ratio of ion resistance to
electron resistance.

[0095] FIG. 8 is a graph showing impedance characteristic
(frequency characteristic) obtained by applying a standardiz-
ing process to extracted reaction resistance. Such impedance
characteristic is indicated by the indicator 37.

[0096] As shown in FIG. 8, it can be confirmed that stan-
dardized impedance can be separated accurately in accor-
dance with each reaction process (region b1 or b2). That is, it
is found that plots corresponding to Zil and Zi2 overlap each
other substantially on one curve and plots corresponding to
713 and 714 overlap each other substantially on another curve.
Accordingly, whether the reaction process of the region b1 or
b2 is performed can be determined based on the impedance
characteristic, and impedance at a different current value can
be estimated. Moreover, characteristic of each reaction pro-
cess can be discussed based on the shape, size, etc. of the
standardized impedance. In addition, the standardized imped-
ance can be used widely as a parameter indicating the perfor-
mance of a fuel cell polyphenically.

[0097] FIG.9isaview showing as transmission line model.
In this model, proton shift resistance (R,,,) and reaction
impedance are expressed by combination of a large number of
DC resistance and a large number of impedance.

[0098] In the aforementioned exemplary embodiment, a
distributed constant region and a lumped constant region at a
certain frequency are distinguished so that model fitting is
applied only to the lumped constant region to thereby extract
reaction resistance simply. In practice, it is however impos-
sible to separate the distributed constant region and the
lumped constant region from each other clearly because a
crossover frequency band in which the distributed constant
region and the lumped constant region affect each other is
present in a boundary region between the distributed constant
region and the lumped constant region. On the contrary, when
a general transmission line model as shown in FIG. 9 is used,
reaction resistance can be extracted more accurately without
provision of the process of determining the distributed con-
stant region (step S103 in FIG. 2) because the distributed
constant region, the crossover region and the lumped constant
region can be entirely expressed so that fitting can be applied
to all frequencies. However, the model shown in FIG. 9 has a
large number of parameter elements, so that attention must be
paid to the fact that divergence occurs easily at the time of
fitting unless exact initial values are given to the parameter
elements.

[0099] When a transmission line model is used for fitting in
this manner, reaction resistance can be extracted more accu-
rately. As a result, reaction resistance can be standardized
more accurately.

[0100] As described above, it is necessary to extract the
regions bl and b2 correctly before impedance is measured in
step S101. A procedure for extracting the regions b1 and b2
will be described below.

[0101] For extraction of the regions bl and b2, gas concen-
tration control is performed by the gas supply device 4 in
accordance with a command from the gas supply controller
35. The gas concentration is adjusted in such a manner that the
ratio of the flow rate of oxygen to the flow rate of nitrogen is
changed while the total flow rate of gas introduced into the
cathode 103 is fixed to avoid the influence of pressure change.
On this occasion, the total flow rate of gas introduced into the
cathode 103 is determined in advance so that the rate of
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utilization in oxygen concentration (e.g. oxygen concentra-
tions C1 and C2 which will be described later) at the time of
measurement becomes sufficiently low to avoid the influence
of shortage of supplied oxygen on lowering of diffusion per-
formance. That is, even when control is made to reduce con-
centration, the absolute amount of oxygen is kept to be sup-
plied sufficiently. Arithmetic operations such as correction,
slope derivation are performed in the control arithmetic
device 3.

[0102] FIG. 10 is a tflow chart showing a procedure of
operation of the control arithmetic device 3.

[0103] InFIG.10,steps S1to S4 show processes for acquir-
ing Tafel plots and measuring and acquiring values of film
resistance.

[0104] In step S1 in FIG. 10, the oxygen concentration of
gas introduced into the cathode 103 is controlled to be an
oxygen concentration C1 to give a DC load (1,7 to the fuel
cell 100 so that a cell voltage value (Tafel plot) on this occa-
sion is acquired and stored.

[0105] Then, in step S2, an AC load is further superposed
on the DC load kept constant to thereby measure impedance
at the DC operating point so that a result of measurement is
stored.

[0106] FIG. 11 is a graph illustrating frequency character-
istic when impedance of the fuel cell is measured while the
AC frequency is changed. As shown in FIG. 11, impedance of
the fuel cell generally exhibits zero-crossing on the high
frequency side because of lowering of the resistance value but
it is proved that the zero-crossing frequency is about 1 kHz
experimentally. For this reason, impedance measurement in
step S2 is performed, for example, using only AC of 1 kHz
and the real part value on this occasion is defined as film
resistance (R, ;) at the current load. Accordingly, the time for
measuring film resistance can be shortened. Incidentally,
while the AC frequency is changed, impedance may be mea-
sured to calculate film resistance accurately.

[0107] Then, in step S3, whether the cell voltage at the
current DC load (I,7“) has reached 0.6V vs. RHE or not is
determined. If affirmative determination is made, processing
is terminated. If negative determination is made, processing
goes back to step S1.

[0108] In step S4, the DC load (I,°) is increased by a
predetermined value (Al) and processing goes back to step
S1. The relationship I, ,”“-1,”“=AI>0 is met.

[0109] In the expression, Al means a current step (increas-
ing width of DC). It is preferable that a step not larger than 1
mA but as small as possible is used.

[0110] In this manner, in processing of the steps S1 to S4,
acquisition of a Tafel plot and measurement and storage of the
value of film resistance at each current load are repeated
several times until the cell voltage reaches 0.6V vs. RHE. The
reason why the cutoff voltage is 0.6V here is in that the second
Tafel slope (slope b2) is observed when the cutoft voltage is
not larger than 0.8V. Incidentally, the cutoff voltage can be
reduced in accordance with the circumstances as long as the
fuel cell 100 is not degraded.

[0111] Then, processing of the steps S1 to S4 is performed
likewise under the condition of oxygen concentration C2
(C1>C2). Steps S11 to S13 in FIG. 10 show a procedure of
calculation of Tafel slopes.

[0112] Instep S11 in FIG. 10, resistance overvoltage (1,)
at each current load is calculated based on the film resistance
value obtained by the step S2 in accordance with the expres-
sion (1).

Ny tn :InDCXRr,In 1
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[0113] Moreover, in the step S11, the resistance overvolt-
age obtained in the step S2 with respect to each oxygen
concentration (C1, C2) is subtracted from the Tafel plot
obtained in the step S1 to thereby calculate a corrected Tafel
plot.

[0114] Then, in step S12, a mobility coefficient o is cal-
culated by use of the corrected Tafel plots obtained in the step
S11. An example of this processing will be described below.
[0115] FIG. 12 is a graph showing a method of calculating
the mobility coefficient a.. by using Tafel plots in different
oxygen concentrations (C1 and C2). It is generally known
that equilibrium potential and exchange current change
according to the gas concentration as represented by the
expressions (2) and (3) when there is no influence of diffusion
(when bulk concentration=electrode surface concentration).

23RT. (I 2)
AlE) = = Loeey
3)

C1
Alogl) = wCLoga

[0116] R is a gas constant, T is a temperature, n is the
number of reaction electrodes, F is the Faraday constant, and
o is a mobility constant (o ~1-a ).

[0117] However, the Tafel slope does not vary according to
the oxygen concentrations (C1, C2) because the reaction
mechanism (oxidation-reduction reaction) does not change
according to gas concentrations. From the expressions (2) and
(3), shift (slope of change) of the Tafel plot caused by gas
concentrations is calculated as represented by the expression

4).

A(E)  2.3RT “)
AlLogl) ~ a.nF

[0118] Therefore, slope correction is applied to the cor-
rected Tafel plot at the oxygen concentration C2 by use of the
expression (4) to obtain the corrected Tafel plot at the oxygen
concentration C1 (FIG. 12). In the expression, o~ is a mobil-
ity coefficient. In most cases, 0.5 is generally used in calcu-
lation. Since o, may often vary according to reaction or
experimental conditions, it is however necessary to determine
aoptimized by use of the expression (3) so that the two plots
are most fitted. In this case, corrected Tafel plots obtained at
other concentrations (oxygen concentrations C3,C4 . . . ) than
the oxygen concentrations C1 and C2 may be used to improve
fitting accuracy of o ..

[0119] Then, in step S13, Tafel slopes b1 and b2 are calcu-
lated. Although various modifications of the procedure for
this processing may be conceived, an example thereof will be
described below.

[0120] FIG. 13 is a graph showing the principle of the
method for determining a concentration-independent region.
[0121] If only activation is observed without any influence
of diffusion, the plots at the oxygen concentrations C1 and C2
should be made coincident by only movement based on the
mobility coefficient o~ and good linearity should be exhibited
on all the plot region. In practice, linearity is however surely
collapsed by the influence of diftusion. Therefore, the intro-
duced gas concentration is intentionally changed so that the
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steps S1 to S4 are executed while the gas diffusion coefficient
is changed. Corrected Tafel plots corresponding to the gas
diffusion coefficients are acquired so that the region where
plots made coincident regardless of the change of the gas
diffusion coefficient can be regarded as having no influence of
diffusion. In the region with no influence of diffusion deter-
mined by this method, linear approximation is performed so
that two Tafel slopes bl and b2 caused by the activation
overvoltage can be calculated properly.

[0122] For example, in the example shown in FIG. 13,
when a specific current value is used as a threshold, plots are
made well coincident in a region where the current I is small,
but plots diverge in a region where the current I is large.
Accordingly, in the former region, determination can be made
that plots in FIG. 13 directly indicate the Tafel slopes b1 and
b2. In this case, linear approximation may be performed in
this region in the aforementioned manner.

[0123] However, when diffusion performance due to deg-
radation is lowered, when the second Tafel slope b2 cannot be
observed because the influence of diffusion appears early for
the reason of too low gas concentration or when the matched
region of the Tafel slope b2 is so small that correlation of
linear approximation is low, the Tafel slope b2 cannot be
calculated by linear approximation. In this case, it is however
possible to use a Tafel correction equation in consideration of
the influence of diffusion.

[0124] FIG. 14 is a graph showing an example in which the
influence of diffusion appears in Tafel plots from a region
where the current is relatively small. Here, the fact where the
influence of diffusion appears early means the fact that lim-
iting diffusion current (I,) can be observed at a relatively
small current load, as shown in FIG. 14. The Tafel correction
equation in consideration of the influence of diffusion is given
by the expression (5) in which the first term on the right side
shows activation overvoltage (1),.,) and the second term on the
right side shows concentration overvoltage (1,.).

’lln=b2'LOg(%)+b2.LOg(1L1—L1n) :

I (6)
)

i = bZ-Log(%) + bZ-Log(IL _In

[0125] Here, i, is an exchange current.

[0126] Therefore, plots shown in FIG. 15 are obtained in
such a manner that the expression (5) is transformed into the
expression (6) and the x axis of the Tafel plots is reset to
Log(L,/(I1;,~1,)). When plots shown in FIG. 14 are converted
into plots shown in FIG. 15 in this manner, the Tafel slope can
be expressed on graph in consideration of the influence of
diffusion. By this correction, correlation of linear approxima-
tion can be improved so that the Tafel slope b2 can be calcu-
lated accurately.

[0127] In this manner, in the procedure of the steps S10 to
S13, Tafel plots caused by gas concentrations are shifted and
slope correction is applied based on theoretical equations to
true up plots so that a region not affected by concentrations is
extracted from a portion where plots are matched. Accord-
ingly, when linear approximation is performed in the region,
an appropriate Tafel slope can be obtained and the range of
each of the regions bl and b2 can be extracted correctly.
[0128] As described above, in accordance with the fuel cell
evaluator according to the invention, because a standardizing
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process is applied after a process of removing impedance not
caused by reaction resistance (R_,) and extracting only reac-
tion impedance, standardized impedance can be separated
accurately in accordance with each reaction process.

[0129] Moreover, because reaction impedance changing
sensitively to the current value can be expressed accurately
and collectively for each of the regions bl and b2 by the
standardizing process, detailed evaluation can be performed
as one characteristic value without having the influence of
change of the measurement operating point.

[0130] Moreover, besides evaluation of the fuel cell, evenin
electrode reaction other than oxygen reduction reaction, for
example, in the case where a porous electrode is used in a
solution system, reaction resistance according to Tafel equa-
tions can be separated in accordance with a reaction process,
expressed as a characteristic value (reaction impedance) hav-
ing frequency information and evaluated.

[0131] Although the aforementioned embodiment has been
described in an example in which Cole-Cole plots are used as
characteristic indicated by the indicator 37, any method may
be used for indicating characteristic. Moreover, correspond-
ing measurement frequencies may be indicated in Cole-Cole
plots. In addition, a frequency axis orthogonal to a plane on
which Cole-Cole plots are drawn may be provided and plot-
ting may be performed on a three-dimensional coordinate
system so that the three values of measurement frequency,
real part and imaginary part can be read.

[0132] The applicable scope of the invention is not limited
to the aforementioned embodiment. The invention can be
applied widely to a fuel cell evaluator which evaluates char-
acteristic of a fuel cell based on frequency characteristic of
impedance.

Embodiment 2

[0133] FIG. 16 is a block diagram showing a fuel cell mea-
suring system as a fuel cell evaluator according to Embodi-
ment 2. Incidentally, in FIG. 16, parts the same as those in
FIG. 1 are referred to by the same numerals correspondingly.

[0134] The fuel cell 100 shown in FIG. 16 is a single cell
which has a structure in which an electrolytic film 101 having
a surface modified with Pt/C catalyst is sandwiched between
an anode 102 having a gas diffusion layer and a cathode 103
having a gas diffusion layer. A split electrode 104 split from
the anode 102 is provided on a side of the anode 102. The
anode 102 and the split electrode 104 are electrically insu-
lated from each other.

[0135] Atthetime of measurement, hydrogen is supplied to
the anode 102 and air or oxygen is supplied to the cathode 103
to make a power generation state. Electrochemical measure-
ment is performed by a triode system. When cathode charac-
teristic is evaluated, the cathode 103 is used as a working
electrode while the anode 102 is used as a counter electrode.
In addition, the anode-side separate split electrode 104 elec-
trically insulated from the anode 102 and the cathode 103 is
used as a reference electrode (RHE). As shown in F1G. 16, the
anode 102, the cathode 103 and the split electrode 104 are
connected to a potentiostat 1, so that respective results of
measurement by the potentiostat 1 are transferred to a
recorder 2.

[0136] As shown in FIG. 16, a control arithmetic device 30
is connected to the potentiostat 1 and the recorder 2. The
control arithmetic device 30 executes control of the poten-
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tiostat 1, acquisition of the measurement results from the
recorder 2 and arithmetic operation based on the acquired
measurement results.

[0137] Hydrogen is supplied to the anode 102 of the fuel
cell 100 while air or oxygen is supplied to the cathode 103.
These supplied gases are given through a gas supply device
(not shown). The gas supply device is connected to the control
arithmetic device 30, so that the gas concentration, flow rate,
temperature, etc. of each gas supplied to the fuel cell 100 are
controlled by the control arithmetic device 30 through the gas
supply device.

[0138] As shown in FIG. 16, the control arithmetic device
30 has: aload controller 131 which controls the potentiostat 1;
a Tafel plot acquisition unit 132 which acquires Tafel plots by
changing the current value of the fuel cell 100 under a con-
stant amount of supplied gas; an impedance acquisition unit
133 which acquires impedance of the fuel cell 100 based on
measurement data (voltage value and current value) acquired
by superposing an alternating current on a current of each
current value; a diffusion region calculator 134 for extraction
of'a diffusion region which will be described later; a diffusion
evaluation parameter calculator 135 which calculates diffu-
sion evaluation parameters (which will be described later)
based on the impedance acquired by the impedance acquisi-
tion unit 133; a standardized impedance calculator 136 for
calculating standardized impedance which will be described
later; and an indicator 137 for presenting a result of calcula-
tion in each portion.

[0139] Either voltage regulation or current regulation may
be used for load control using the potentiostat 1. The voltage
regulation or current regulation is controlled according to a
condition designated by the load controller 131 so that mea-
sured data (voltage value/current value) are recorded by the
recorder 2. Tafel plots are acquired by the Tafel plot acquisi-
tion unit 132, a diffusion region is calculated by the diffusion
region calculator 134. Impedance is acquired by the imped-
ance acquisition unit 133. Diffusion evaluation parameters
are calculate by the diffusion evaluation parameter calculator
135, and standardized impedance after correction of a diffu-
sion term is calculated by the standardized impedance calcu-
lator 136. Results of calculation by the diffusion region cal-
culator 134, the diffusion evaluation parameter calculator 135
and the standardized impedance calculator 136 are presented
on a monitor or the like by the indicator 137. Besides raw data
(voltage value/current value), results of calculation etc. by the
diffusion region calculator 134, the diffusion evaluation
parameter calculator 135 and the standardized impedance
calculator 136 may be stored in the recorder 2.

[0140] FIG. 17 is a flow chart showing operation of the
measuring system. FIGS. 18 to 25 are views showing
examples of display on the indicator 137.

[0141] In step S201 in FIG. 17, IV characteristic is mea-
sured based on voltage sweep or current sweep, so that Tafel
plots expressing the relation between the logarithm of current
and voltage are acquired. The processing is equivalent to the
function of the Tafel plot acquisition unit 32.

[0142] FIG. 18 is a graph showing Tafel plots measured up
to a diffusion region.

[0143] As shownin FIG. 18, it is generally known that two
Tafel slopes (b1 and b2) are present in oxygen reduction
reaction. There is no linear region in the diffusion region, so
that the slope changes as the current increases.

[0144] An electrode reaction equation in consideration of
diffusion of reactant will be described here. When polariza-
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tion is so sufficiently large that a counterreaction current can
be ignored, current i and overvoltage M can be expressed as
shown in equations eq.11 and eq.12.

23RT i, 23RT i eq. 11
n=- log— — log| - )

anF i anF ip—1i
. i ankF eq. 12
i= 10(1 - E)exp(— ﬁ”)

2.3RT i
=k- lo ( _)k:const)
anF ip—1i
[0145] Moreover, the equation eq.12 is transformed as fol-

lows to obtain an equation eq.13,

dn 23RT iy —i dy i eq. 13
i — 7= . L=
T sz{ f di(iL—i)}

23 g

T anFip—i

[2.3RT 2.3RT ]
T anF anFiy, !

(when iy, is sufficiently large)

[0146] As described above, the left side of the equation
eq.13 is a value which is obtained by multiplying impedance
(dn/di) and current value i and which is equivalent to Tafel
slope. An operation of multipkying impedance and current
value is called standardizing process in this specification.
[0147] When limiting diffusion current i, is sufficiently
larger than measurement current i, approximation as shown in
the equation eq.13 can be made. It is apparent from this
equation that a term proportional to the current caused by
diffusion is added to a Tafel slope (2.3RT/anF) of reaction in
a region affected by diffusion.

[0148] The relation between impedance and the measure-
ment current value at the time of measuring the impedance
will be described here.

[0149] In a region not particularly affected by diffusion
(concentration-independent region), the current I and the
voltage E have a relation of the Tafel equation (11). In the
equation (11),b is a Tafel slope. On the other hand, at the time
of measuring impedance, impedance is calculated by the
equation (12) on the assumption that response of an output
voltage to AC modulation of an input current has a linear
relation.

dE (12)
el

[0150] From the equation (11), the relation of an equation
(13) is obtained in the concentration-independent region.

a3

[0151] Accordingly, in the concentration-independent
region, the product I-Z of impedance 7Z and measurement
current value I has a constant value.
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[0152] This relation has been mentioned, for example, in
the article entitled “Aralysis of Relationship between Current
Distribution and Impedance in Porous Electrode”, Shigenori
Mitsushima, Nobuyuki Kamiya and Ken-ichiro Ota, Electro-
chemistry, P.810-814, 2006. In the literature, there is a
description that the deformation of the I-Z arc due to fre-
quency change is used for considering the ratio of ion resis-
tance to electron resistance.

[0153] Then, in step S202, a diffusion region is extracted.
This processing is equivalent to the function of the diffusion
region calculator 34.

[0154] Here, a value (slope of Tafel plots) obtained by
differentiating Tafel plots shown in FIG. 18 with respect to
each measuring point is calculated first.

[0155] FIG. 19A is a graph showing (current-Tafel slope)
characteristic when Tafel plots shown in FIG. 18 are differ-
entiated with respect to each measuring point and the absolute
value of a result of the differentiation is defined as a Tafel
slope. A linear region on Tafel plots is expressed here as a
plateau region. Two plateaus showing regions b1 and b2 can
be confirmed. Moreover, as represented by the equation
eq.13, in aregion (exceeding b2) affected by diffusion, a term
proportional to the current is added to the Tafel slope to form
aproportional region. However, because the equation eq.13 is
an approximate expression which is established when the
limiting current i, is sufficiently larger than the measurement
current i, the proportional region is widened as the concen-
tration of reactant (oxygen) becomes high and the rate of
utilization becomes low.

[0156] FIG.19B is a graph showing the same characteristic
as in the graph of FIG. 19A expressed as (logarithm of cur-
rent-Tafel slope) characteristic. In FIG. 19A, the region bl
appealing as a small current region may be hidden on graph
because measurement current values are displayed on a linear
axis. In this case, when measurement current values are
expressed on a logarithmic axis as shown in FIG. 19B, the
region b1 can be determined easily so that, for example, the
measurement operating point of impedance can be deter-
mined exactly.

[0157] FIG. 20 is a graph showing (current-Tafel charac-
teristic) in the case where the region b2 is affected by diffu-
sion. By searching for the proportional region shown in FIG.
20, a diffusion term can be obtained. The current starting the
influence of diffusion is defined here as i_,. In FIG. 20, a
portion corresponding to the diffusion term in the propor-
tional region is hatched. The same rule applies to FIG. 21
which will be described later.

[0158] As shown in FIG. 20, the Tafel slope takes a value
obtained by adding a diffusion term proportional to the cur-
rent to the Tafel slope corresponding to the region b2 with the
current i_, as a boundary.

[0159] FIG. 21 is a graph showing (current-Tafel charac-
teristic) in the case where the region b1 is affected by diffu-
sion. Also in this case, the diffusion term can be obtained by
searching for the proportional region hatched. As shown in
FIG. 21, Tafel slopes take values obtained by adding diffusion
terms proportional to the currents to the Tafel slope corre-
sponding to the region b1 and the Tafel slope corresponding to
the region b2, respectively, with the currenti,_ , as a boundary.
The slope of a line generated by each diffusion term is con-
stant in all regions.

[0160] FIG. 22 is a graph showing (current-Tafel slope)
characteristic after diffusion correction. By diffusion correc-
tion, diffusion terms (hatched portions) shown in FIGS. 20
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and 21 are removed so that only plateaus showing the regions
b1 and b2 appear. Incidentally, diffusion correction is equiva-
lent to processing in step S205 which will be described later.

[0161] Then, in step S203, impedance measurement and
standardization processing of the measured impedance are
performed. This processing is equivalent to the function of the
standardized impedance calculator 136.

[0162] FIG. 23 is a graph showing standardized impedance
Zil to Zi7 measured at respective operating points il to i7. In
FIGS. 19 to 22, operating points at which standardized
impedance values Zil to Zi7 are measured respectively are
represented by the arrow (| ) In FIGS. 19 and 20, standardized
impedance values Zil and Zi2 correspond to the region b1,
standardized impedance values Zi3 and Zi4 correspond to the
region b2, and standardized impedance values Zi5 to Zi7
correspond to the region b2 and the diffusion region. In FIG.
21, a standardized impedance value Zit corresponds to the
region b1, a standardized impedance value Zi2 corresponds to
the region bl and the diffusion region, and standardized
impedance values Zi3 to Zi7 correspond to the region b2 and
the diffusion region.

[0163] Incidentally, FIG. 23 shows the case (corresponding
to FIGS. 19 and 20) where diffusion appears from the middle
of the region b2.

[0164] As shown in FIG. 23, impedance values belonging
to the region b1 and impedance values belonging to the region
b2 are collected to common curve groups respectively by
standardization. It is apparent that standardized impedance
increases as the current at the operating point increases when
the influence of diffusion is added. That is, the curve is moved
to a position far from the curve group of the region b2 by the
influence of diffusion.

[0165] Then, in step S204, a diffusion performance evalu-
ation parameter (C,) is calculated. This processing is equiva-
lent to the function of the diffusion evaluation parameter
calculator 135.

[0166] A method of calculating the diffusion performance
evaluation parameter (C ) will be described here. A calcula-
tion equation of evaluation parameter in standardized imped-
ance is given by the equation eq.14.

Zip)., = ((iZ(f))C,m eq. 14

in = im

=

[0167] Here, n and m are operating points of the diffusion
region (i,>1,,).
[0168] In this equation, the difference between standard-

ized impedance values (iZ ) at two points of the diffusion
region is divided by the difference between current values at
the respective operating points. Accordingly, this equation is
equivalent to calculation of the slope of a line in the propor-
tional region shown in FIG. 20 or 21. That is, the resulting
value can be extracted as an evaluation parameter value inde-
pendent of the current.

[0169] FIG. 24 is a graph illustrating the calculated diffu-
sion performance evaluation parameter. When evaluation
parameter having frequency information caused by only dif-
fusion is obtained in this manner, diffusion performance can
be discussed based on a wide view point. Moreover, imped-
ance at an operating point not measured actually can be esti-
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mated by use of the diffusion performance evaluation param-
eter. Such processing is equivalent to the function of the
estimation unit.

[0170] Then, in step S205, the diffusion term is corrected
based on the diffusion performance evaluation parameter.
This processing is equivalent to the function of the standard-
ized impedance calculator 136.

[0171] The equation eq.15 is a correction equation showing
a method of correcting the diffusion term based on the diffu-
sion performance evaluation parameter.

(iZ(/))c,x':(iZ(/))c;c—C(/)'(ix—ic,o) eq.15
[0172] Here, x is any operating point in the diffusion
region.

[0173] This equation performs correction by which a value

obtained by multiplying the difference between the current
value (i,) at the measurement operating point and the current
value (i) starting the influence of diffusion by the evalua-
tion parameter (C ) is subtracted from the original standard-
ized impedance ((iZ)....)-

[0174] Thatis, when a diffusion term at any operating point
of the diffusion region is obtained and used for subtraction,
the original standardized impedance is corrected.

[0175] FIG. 25 is a graph showing standardized impedance
after correction of diffusion. It is apparent from comparison
with FIG. 23 that the influence of the diffusion term is
removed by the aforementioned method and the curve group
indicating the measurement result in the diffusion region is
moved to a position indicating standardized impedance of the
region b2. Accordingly, even when the diffusion performance
is so poor that the region b2 is narrow or when the region b2
cannot be seen, standardized impedance of the region b2 can
be calculated and evaluated exactly.

[0176] Moreover, because C , in the equation eq.14 and the
coefficient of —i in the second term in the right side of the
equation eq.13 are equivalent to each other (corresponding to
the slope of the linear region), eq.16 can be given. Wheneq.16
is transformed into eq.17, the limiting diffusion current (i)
can be estimated as a characteristic value (iz, having fre-
quency information

_23RT 1 eq. 16
"= anF i
23RT 1 eq. 17

I = ——
LD = "anF Cipy

[0177] As described above, in accordance with the fuel cell
evaluator according to this embodiment, when the differential
value (Tafel slope) of Tafel plots is expressed as (current-
Tafel slope) characteristic and plateau and current-propor-
tional regions are searched, the region b1, the region b2 and
the diffusion region can be separated from one another simply
and the diffusion influence start current can be calculated.
[0178] Whenadiftusion performance evaluation parameter
having frequency information independent of the current is
calculated, diffusion performance which has been heretofore
hardly evaluated can be discussed from a wide view point.
Moreover, because the limiting diffusion current can be esti-
mated as a characteristic value having frequency information,
there is a possibility that the limiting diffusion current can be
used effectively as new information at the time of optimum
operation control.
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[0179] Moreover, because diffusion correction of standard-
ized impedance can be performed based on the diffusion
performance evaluation parameter, standardized impedance
can be separated in accordance with each reaction process
(region) even in electrode reaction in which diffusion perfor-
mance is so poor that the region b2 is small or the region b2
cannot be seen.

[0180] Inaddition, because calculation of the diffusion per-
formance evaluation parameter and diffusion correction of
the standardized impedance can be performed in electrode
reaction in which reaction according to the Tafel equation is
mixed with the influence of diffusion, the invention can be
applied widely not only to evaluation of the fuel cell but also
to electrode reaction other than oxygen reduction reaction in
a solution system or the like.

[0181] The applicable scope of the invention is not limited
to the aforementioned embodiment. The invention can be
applied widely to a fuel cell evaluator which evaluates char-
acteristic of the fuel cell based on electrochemical character-
istic.

Embodiment 3

[0182] FIGS.26A and 26B are diagrams showing a fuel cell
(assembly cell) evaluator. FIG. 26A is a diagram showing a
section of the fuel cell at the time of measuring characteristic
of the fuel cell and a connection method at the measuring
time. FIG. 26B is a block diagram functionally showing the
configuration of a measurement evaluator.

[0183] As shown in FIG. 26A, a fuel cell 200 has: an elec-
trolytic film 201 having a surface modified with Pt/C catalyst;
a cathode 202 electrically insulated from the electrolytic film
201; and an anode 203 electrically insulated from the elec-
trolytic film 201 like the cathode 202 and disposed counter to
the cathode 202 with respect to the electrolytic film 201.
[0184] The cathode 202 is formed in such a manner that a
catalyst layer, a diffusion layer and a separator (not shown)
are laminated successively in outward order from the side of
the electrolytic film 201. Similarly, the anode 203 is formed in
such a manner that a catalyst layer, a diffusion layer and a
separator (not shown) are laminated successively in outward
order from the side of the electrolytic film 201. A gas flow
path for supplying fuel gas is formed in each of the separators
which are constituent members of the cathode 202 and the
anode 203 respectively.

[0185] A voltage measuring module 501 for measuring a
voltage (fuel cell voltage Vic) between the cathode 202 and
the anode 203 and a current measuring module 502 for mea-
suring a current (load current) flowing in an electron load
device 40 are connected to a load circuit of the fuel cell 200.
[0186] As shown in FIGS. 26A and 26B, the measurement
evaluator 50 has: a load controller 51 which controls the
current value of the electron load device 40 connected
between the cathode 202 and the anode 203; an impedance
acquisition unit 52 which acquires the impedance of the fuel
cell 200 while changing the current value; a calculator 53
which calculates standardized impedance Z (i[A/cm?]xz'
[ohm])) which is the product of the impedance z' [ohm]
acquired by the impedance acquisition unit 52 and current
density (i[A/cm?]) at the time of acquisition of the imped-
ance; an indicator 54 such as a monitor which presents the
value of standardized impedance Z calculated by the calcu-
lator 53 in the form of a graph with respect to the logarithm
(logi) of the current density at the time of acquisition of the
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impedance; and a gas supply controller 55 which controls fuel
gas supplied to the fuel cell 200 when the impedance 7' is
acquired.

[0187] A procedure for measuring standardized impedance
will be described next.

[0188] Theload controller 51 of the measurement evaluator
50 sets the frequency, DC current value and superposed AC
amplitude for impedance measurement in the electron load
device 40 and controls the current load on the cell. The wave-
form of the fuel cell voltage Vic for a current load on which an
AC component is superposed is measured by the voltage
measuring module 501, and impedance 7' [ohm| based on the
gain and phase of the AC component of the voltage (fuel cell
voltage Vfc) for the AC load is obtained by the impedance
acquisition unit 52.

[0189] Then, the calculator 53 calculates (measures) stan-
dardized impedance Z (i[A/cm*]|xz[ohm])) by integrating
current density (i[A/cm?]) acquiring impedance for the
obtained impedance 7' [ohm].

[0190] FIG. 27A is a graph illustrating voltage-current
characteristic of the fuel cell 200. FIG. 27B is a graph illus-
trating standardized impedance Z-current characteristic of
the fuel cell 200. Here, the horizontal axis showing current is
set as the logarithm (logi) of current density. The measure-
ment evaluator 50 calculates standardized impedance Z by
measuring impedance at each current value while increasing
the load current value gradually by the load controller 51. On
this occasion, the fuel cell 200 goes into a stable power
generation state with the elapse of time.

[0191] When the fuel cell 200 goes into a stable power
generation state, a first Tafel region 61 and a second Tafel
region 62 which are regions (concentration-independent
regions) not affected by diffusion and a diffusion region (con-
centration-dependent region) 63 affected by diffusion can be
confirmed. As shown in FIG. 27B, in the graph showing
standardized impedance Z-current characteristic, the first
Tafel region 61 and the second Tafel region 62 can be recog-
nized as regions taking constant standardized impedance val-
ues Z1 and Z2 respectively and can be confirmed visually
easily.

[0192] In the example shown in FIG. 27B, standardized
impedance 71 can be confirmed in the first Tafel region 61
and standardized impedance Z2 can be confirmed in the sec-
ond Tafel region 62. That is, if standardized impedance Z1
and standardized impedance 72 can be confirmed in stan-
dardized impedance Z-current characteristic, determination
can be made that the fuel cell 200 goes into a stable power
generation state. It can be known that characteristic (voltage-
current characteristic shown in FIG. 27A in this case) of the
fuel cell can be measured reproducibly.

[0193] FIG. 27C is a graph showing Cole-Cole plots of
standardized impedance Z in the first Tafel region 61 and the
second Tafel region 62. The Cole-Cole plot 71 shown in FIG.
27C is a Cole-Cle plot in the first Tafel region 61. The Cole-
Cole plot 72 shown in FIG. 27C is a Cole-Cle plot in the
second Tafel region 62. The coordinate of an intercept on the
real part axis in the Cole-Cole plot 71 and the coordinate of an
intercept on the real part axis in the Cole-Cole plot 72 corre-
spond to standardized impedance values Z1 and 72 respec-
tively. Moreover, the reaction arc appearing in each Cole-
Cole plot takes a constant shape in each of the first and second
Tafel regions 61 and 62 by standardization of impedance. In
a transition region between the first and second Tafel regions
61 and 62, the shape of the reaction arc is provided as an
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intermediate shape between the two as represented by the
Cole-Cole plot 74 in FIG. 27C.

[0194] Such Cole-Cole plots are calculated by the calcula-
tor 53 based on wide frequency range measured values
obtained through the impedance acquisition unit 52. How-
ever, in this embodiment, the procedure for impedance mea-
surement can be simplified so that the measurement fre-
quency may be limited within a range where regions taking
standardized impedance values Z1 and 72 can be discrimi-
nated. For example, impedance measurement may be per-
formed by an already established frequency or by already
established frequencies.

[0195] FIG. 28 is a flow chart showing operation of the
measurement evaluator 50.

[0196] The measurement evaluator 50 calculates standard-
ized impedance Z by measuring impedance while increasing
the load current value and measuring current-voltage charac-
teristic of the fuel cell 200.

[0197] First, the measuring condition is set (step S301). For
example, the load controller 51 sets the range of the load
current value on the electron load device 40, and the imped-
ance acquisition unit 52 measures the value of film resistance.
Accordingly, the film resistance value can be removed from
impedance to be measured.

[0198] Then, the load controller 51 sets the load current
value of the electron load device 4 to the initial value (I;) of
the load current value set in the step S301 (step S302). Suc-
cessively, the impedance acquisition unit 52 measures imped-
ance of the fuel cell 200 and the calculator 53 calculates
standardized impedance Z (step S303). The calculated stan-
dardized impedance Z is plotted as standardized impedance
Z-current characteristic.

[0199] Then, determination is made as to whether the load
current value has reached the maximum value (i(max)) in the
load current value range determined in the step S301 or not
(step S304). When the step S304 results in affirmative deter-
mination, processing goes to step S306. When the step S304
results in negative determination, processing goes to step
S305.

[0200] In step S305, the load controller 51 increases the
load current value of the electron load device 40 by a prede-
termined value and processing goes back to the step S303.

[0201] On the other hand, in step S306, the calculator 53
determines, based on the standardized impedance Z calcu-
lated in the step S303, whether there is standardized imped-
ance Z1 or not.

[0202] When determination in the step S306 results in that
there is no standardized impedance Z1 (step S306: N), pro-
cessing goes back to the step S302. When determination in the
step S306 results in that there is standardized impedance Z1
(step S306:Y), the standardized impedance 71 is stored in a
storage unit (not shown) (step S307). Incidentally, when stan-
dardized impedance Z1 has been already stored, the standard-
ized impedance 71 is updated to newly obtained standardized
impedance Z1.

[0203] Then, the calculator 53 determines, based on the
standardized impedance Z calculated in the step S303,
whether there is standardized impedance Z2 or not (step
S308). When determination in the step S308 results in that
there is no standardized impedance Z2 (step S308: N), pro-
cessing goes back to the step S302. When determination in the
step S308 results in that there is standardized impedance 72
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(step S308:Y), the standardized impedance 72 is stored in a
storage unit (not shown) (step S309) and processing is termi-
nated.

[0204] Inthis manner, measurement of impedance and cal-
culation of standardized impedance Z in the steps S302 to
S309 are repeatedly performed until two regions different in
current density to make the value of standardized impedance
Z constant, that is, first and second Tafel regions 61 and 62
shown in FIG. 27B are detected. The impedance acquired by
the impedance acquisition unit 52 in the condition that the
first and second Tafel regions 61 and 62 are detected can be
judged to be impedance in a stable power generation state.
The impedance acquired by the impedance acquisition unit
52 is stored in the measurement evaluator 50 suitably so that
the stored impedance can used for evaluation of the fuel cell
200. Incidentally, after a stable power generation state is
confirmed by the aforementioned procedure, measurement of
impedance, etc. may be executed newly so that the fuel cell
200 in the stable power generation state can be evaluated
variously.

[0205] FIGS. 29A and 29B are graphs illustrating current-
voltage characteristic and standardized impedance obtained
at a stage of an unstable power generation state before detec-
tion of the first and second Tafel regions 61 and 62.

[0206] In examples shown in FIG. 29A, only a diffusion
region appears with respect to current-voltage characteristic
and standardized impedance because the fuel cell 200 is notin
a stable power generation state, so that standardized imped-
ance 71 and standardized impedance Z2 cannot be confirmed
in the two. FIG. 29B shows a state where time has passed
further, so that standardized impedance Z1 of the first Tafel
region 61 can be confirmed. However, standardized imped-
ance Z2 cannot be confirmed because the fuel cell 200 in this
stage is not in a stable power generation state. In this manner,
standardized impedance Z1 is first confirmed and standard-
ized impedance Z2 can be confirmed when the state of the fuel
cell 200 comes closer to a stable power generation state.
When the fuel cell 200 reaches a stable power generation
state, standardized impedance Z1 and standardized imped-
ance 72 can be confirmed (FIG. 27B).

[0207] In this manner, when standardized impedance Z
which is the product of impedance and current density is
calculated and used as an index for the power generation state
of the fuel cell 200 by measuring impedance of the fuel cell
200 while measuring characteristic of the fuel cell 200, the
power generation state of the fuel cell 200 can be confirmed
and grasped. That is, determination as to whether the fuel cell
200 is in a stable power generation state or not, can be
executed automatically by an arithmetic operation in the cal-
culator 53 based on plots of such standardized impedance 7.
[0208] Moreover, when a graph or the like showing current-
voltage characteristic and standardized impedance is pre-
sented by the indicator 54, characteristic of the fuel cell 200
and a situation, etc. during measurement can be confirmed
visually. For example, when a graph in which standardized
impedance Z is plotted versus the logarithm of current density
acquiring the impedance is displayed, two regions (standard-
ized impedance values Z1 and 72) different in current density
to make the value of standardized impedance Z constant can
be recognized visually so that the stable power generation
state of the fuel cell 200 can be confirmed and grasped easily.
[0209] Generally, for evaluation of characteristic of the fuel
cell 200, reproducible voltage-current characteristic (Tafel
curve) must be obtained. It is however necessary to true up the
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measurement condition to obtain reproducibility because it is
known that reproducible voltage-current characteristic (Tafel
curve) varies according to the environmental condition or
preprocessing condition etc. of measurement. However, in
accordance with the fuel cell evaluator according to this
embodiment, plots of standardized impedance Z are used so
that the power generation state of the fuel cell 200 can be
confirmed easily without any labor for adjusting the environ-
mental condition or preprocessing condition etc. of measure-
ment.

[0210] Moreover, standardized impedance values Z1 and
72 can be used widely as parameters in the stable power
generation state. Although the relation between standardized
impedance Z1, 72 and the stable power generation state of the
fuel cell 200 has been mentioned in the aforementioned
embodiment, information of standardized impedance Z can
be applied widely to analysis of performance of the fuel cell.
Although the aforementioned embodiment has been
described in the case where measurement of current-voltage
characteristic is used as measurement of characteristic of the
fuel cell, evaluation of characteristic requiring measurement
in a stable power generation state can be applied widely.
[0211] As described above, in accordance with the fuel cell
evaluator according to this embodiment, the impedance
acquisition unit 52 acquires impedance of the fuel cell 200 by
changing the current value while measuring characteristic of
the fuel cell, the calculator 53 calculates standardized imped-
ance which is the product of impedance acquired by the
impedance acquisition unit 52 and current density at the time
of'acquiring the impedance, and the indicator 54 presents the
standardized impedance calculated by the calculator 53 as a
stable power generation state signal of the fuel cell 200.
Accordingly, the standardized impedance can be presented
easily as an index for the power generation state of the fuel
cell 200 without any labor for adjusting the environmental
condition or preprocessing condition etc. of measurement. In
addition, information of standardized impedance can be used
as useful analytic data.

[0212] The applicable scope of the invention is not limited
to the aforementioned embodiments. The invention can be
applied widely to a fuel cell evaluator or the like for evaluat-
ing characteristic in a power generation state of a fuel cell.
[0213] While the present invention has been shown and
described with reference to certain exemplary embodiments
thereof, other implementations are within the scope of the
claims. It will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the spirit and scope of the invention as
defined by the appended claims.

What is claimed is:
1. A fuel cell evaluator for evaluating a characteristic of a
fuel cell based on a frequency characteristic of impedance of
the fuel cell, the evaluator comprising:
an impedance acquisition unit configured to acquire
impedances of the fuel cell for a certain current value in
a Tafel region by changing a measurement frequency;

an extraction unit configured to extract a reaction resis-
tance from the acquired impedances;

a calculator configured to calculate the product of the reac-

tion resistance and the certain current value; and

an indicator configured to indicate the product calculated

by the calculator as the frequency characteristic of the
impedance of the fuel cell.
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2. The fuel cell evaluator according to claim 1, wherein the
extraction unit is configured to extract the reaction resistance
by removing DC resistance components not involved in the
reaction resistance from the impedances.

3. The fuel cell evaluator according to claim 2, wherein the
extraction unit is configured to remove the DC resistance
components in a distributed constant region.

4. The fuel cell evaluator according to claim 2, wherein the
extraction unit is configured to remove the DC resistance
components by using model fitting.

5. The fuel cell evaluator according to claim 1, wherein

the impedance acquisition unit is configured to acquire
impedances of the fuel cell for a plurality of current
values in a plurality of Tafel regions;

the extraction unit is configured to extract reaction resis-
tances from the acquired impedances; and

the calculator is configured to calculate the product of each
of'thereaction resistances and the corresponding current
value.

6. A fuel cell evaluation method for evaluating a character-
istic of a fuel cell based on a frequency characteristic of
impedance of the fuel cell, the method comprising:

(a) acquiring impedances of the fuel cell for a certain
current value in a Tafel region by changing a measure-
ment frequency;

(b) extracting a reaction resistance from the acquired
impedances;

(c) calculating the product of the reaction resistance and
the certain current value; and

(d) indicating the calculated product as the frequency char-
acteristic of the impedance of the fuel cell.

7. A fuel cell evaluator for evaluating a characteristic of a
fuel cell based on an electrochemical characteristic of the fuel
cell, the evaluator comprising:

a Tafel plot acquisition unit configured to acquire Tafel

plots of the fuel cell; and

a diffusion region extraction unit configured to extract a
diffusion region based on the Tafel plots, wherein a Tafel
slope is proportional to a current in the diffusion region.

8. The fuel cell evaluator according to claim 7, further
comprising:

an impedance acquisition unit configured to acquire
impedances in the diffusion region by changing a current
value and a measurement frequency; and

a diffusion evaluation parameter calculator configured to
calculate aratio AZi/Ai of a difference AZi of the product
of the impedance and a measurement current value to a
difference Ai of the measurement current value as a
diffusion evaluation parameter C by changing the mea-
surement current value.

9. The fuel cell evaluator according to claim 8, further

comprising:

an estimation unit configured to estimate impedances in a
Tafel region as impedance at a lower limit current value
of the diffusion region by using a difference AOi
between the lower limit current value and the measure-
ment current value and the diffusion evaluation param-
eter C.

10. The fuel cell evaluator according to claim 8, wherein
the diffusion evaluation parameter calculator is configured to
calculate an evaluation parameter of a limiting diffusion cur-
rent having frequency information obtained by transforming
the diffusion evaluation parameter C according to a theoreti-
cal equation.
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11. A fuel cell evaluation method for evaluating a charac-
teristic of a fuel cell based on an electrochemical character-
istic of the fuel cell, the method comprising:

(a) acquiring Tafel plots of the fuel cell; and

(b) extracting a diffusion region based on the Tafel plots,
wherein a Tafel slope is proportional to a current in the
diffusion region.

12. The method according to claim 11, further comprising:

(c) acquiring impedances in the diffusion region by chang-
ing a current value and a measurement frequency; and

(d) calculating a ratio AZi/Ai of a difference AZi of the
product of the impedance and a measurement current
value to a difference Ai of the measurement current value
as a diffusion evaluation parameter C by changing the
measurement current value.

13. The method according to claim 12, further comprising:

(e) estimating impedances in a Tafel region as impedance
at a lower limit current value of the diffusion region by
using a difference AOi between the lower limit current
value and the measurement current value and the diffu-
sion evaluation parameter C.

14. The method according to claim 12, wherein step (d)

comprises:

(d-1) calculating an evaluation parameter of a limiting
diffusion current having frequency information
obtained by transforming the diffusion evaluation
parameter C according to a theoretical equation.

15. A fuel cell evaluator for evaluating a characteristic of a
fuel cell in a power generation state, the evaluator compris-
ing:

an impedance acquisition unit configured to acquire
impedances of the fuel cell by changing a current value
while measuring a characteristic of the fuel cell; and

a calculator configured to calculate standardized imped-
ances obtained by the product of the impedances and
current densities corresponding to the impedances.

16. The fuel cell evaluator according to claim 15, wherein
the calculator is configured to determine that the fuel cell is in
a stable power generation state, by confirming two different
Tafel regions, wherein the standardized impedance for each
of the current densities is constant in the respective Tafel
regions.

17. The fuel cell evaluator according to claim 15, further
comprising:

an indicator configured to indicate the standardized imped-
ances as an index for the power generation state of the
fuel cell.

18. A fuel cell evaluation method for evaluating a charac-
teristic of a fuel cell in a power generation state, the method
comprising:

(a) acquiring impedances of the fuel cell by changing a
current value while measuring a characteristic of the fuel
cell; and

(b) calculating standardized impedances obtained by the
product of the impedances and current densities corre-
sponding to the impedances.

19. The method according to claim 18, further comprising:

(c) determining that the fuel cell is in a stable power gen-
eration state, by confirming two different Tafel regions,
wherein the standardized impedance for each of the
current densities is constant in the respective Tafel
regions.



