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H I G H L I G H T S

• A correction algorithm has been proposed to improve the accuracy of GSC.

• The accuracy of GSC has been validated under different test conditions.

• Some useful rules have been concluded for the real application of GSC.

• GSC is applied to analyze the degradation reasons of a four-cell stack.
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A B S T R A C T

Cyclic voltammetry and linear sweep voltammetry are the most commonly used diagnosis methods to estimate
the internal statement of fuel cell stack. However, both methods can only be applied in a single fuel cell. There is
a lack of suitable in situ diagnosis methods for a multi-burl fuel cell stack. The galvanostatic charge method
(GSC) is a very convenient in situ diagnosis method, which can be applied to a multi-burl fuel cell stack to
calculate the electrochemical active surface area (ECSA), double-layer capacitance, and hydrogen crossover
current. However, there are not enough experiments to analyze the adaption of GSC or apply this method to
analyze fuel cell degradation process. In this study, we conducted experiments to validate the accuracy of GSC
under different test conditions, and proposed a new correction algorithm to improve the accuracy. Next, this
method was applied to analyze the performance degradation process of a four-cell stack. The experimental
results showed that the estimated GSC parameters exactly coincide with the standard values. Additionally, for
the degradation analysis of a four-cell stack, the GSC results showed that the ECSA reduction of cell four is the
direct reason for performance degradation. Moreover, the assumptions of ECSA reduction and carbon corrosion
were validated by material experiments. About 5° decrease in the contact angle of the gas diffusion layer (GDL)
in the cathode catalyst was observed in the worst cell.

1. Introduction

Owing to their high efficiency and low environment impact [1], fuel
cell vehicles have been recognized by several governments and research
institutions as a potential solution. Nowadays, the performance of a fuel
cell stack has met the commercial demand, and its service life is the
major bottleneck [2]. The explanation of the degradation mechanism
and prolonging of service life of the fuel cell stack are currently the
hottest research topics. Especially for a high-power fuel cell stack, the
degradation mechanism of the nafion membrane, catalyst, or carbon

support [3] is more complex than that of a laboratory single fuel cell
[4]. Additionally, the diagnosis methods of these parameters form the
basis of durability research. In general, diagnosis methods can be se-
parated into two categories: performance evaluation, which only con-
siders voltage, and internal statement analysis.

The performance evaluation method is very convenient and does
not require specific equipment. In general, a performance degradation
of 10% under the reference current is the maximum allowable lifetime
for a fuel cell system (FCS) in automotive applications [5]. This method
is the most used approach for evaluating service life. However, a
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consistent opinion cannot be reached on the selection of reference
current and end-up percentage. Furthermore, the voltage drop cannot
offer a comprehensive explanation regarding which component is
broken.

To get more information about the degradation reasons, a polar-
ization curve test is applied in most situations [6]. In this way, per-
formance degradation can be divided into three parts [7]: activation
polarization, ohmic polarization, and concentration polarization. Using
this method, we can know what happens in this fuel cell stack; however,
what causes these phenomena is still unknown because the degradation
of different components can lead to similar degradation phenomena.

For a fuel cell degradation process, resistance, crossover current,
ECSA, and hydrophilicity are core indexes for health evaluation. To
obtain this information, certain test technologies are required [8].
However, the ex situ analysis method is unsuitable for a high-power
fuel cell stack, and certain in situ test technologies can only be applied
to a single fuel cell stack.

Cyclic voltammetry (CV) [9–11] is the most common method for
estimating ECSA. ECSA reduction is an important factor for fuel cell
stack service life and a more active site can accelerate the reaction rate.
However, this method can only be used in a single fuel cell stack [12].
Hu et al. [13] used a model-based method to estimate ECSA reduction;
however, the accuracy of this method is still doubtful. Besides, some ex
situ methods, such as scanning electron microscopy and transmission
electron microscopy, can also be used for ECSA estimation. However,
they are harmful for the fuel cell stack.

Linear sweep voltammetry (LSV) [14,15] is an effective in situ
method for hydrogen crossover current estimation. The hydrogen
crossover current is a membrane health indicator, and increasing the
crossover current can result in fuel cell failure. However, even this
method can only be used for a single fuel cell stack. Kundu et al. [16]
suggested that increasing the hydrogen crossover current can lead to an
open-circuit voltage (OCV) drop. Francia et al. [17] used a voltage
model to estimate the value of the crossover current. However, ex-
periments have shown that although OCV is an effective index for
qualitative analysis, it is not effective for quantitative analysis. More-
over, using a drainage method to collect leaked gas is another useful
method. However, it is difficult to identify the leakage rate of every cell
of a high-power fuel cell stack.

Double-layer capacitance is related to the dynamic performance of a
fuel cell [18], and can be measured by EIS [19] and CV [20]. However,
CV cannot be applied to a high-power fuel cell stack. In contrast, EIS is
feasible, but high accuracy equipment for EIS is very expensive.

EIS is a very important diagnosis method for multi-burl fuel cell

stack performance analysis. And some internal state of heat and mass
transfer process can be obtained by the mechanism EIS model [21–23].
Depernet et al. [24] applied EIS on a fuel cell system for embedded
diagnosis or control improvement. Martin et al. [25] analyzed the de-
gradation process of proton exchange membrane fuel cell without ex-
ternal humidification by EIS. And Wang et al. [26] used EIS to optimize
the equivalence ratios control of a flame fuel cell unit. However, EIS is
hard to provide some important parameters directly, like ECSA and
crossover current. And the accuracy of internal state from EIS is de-
pendent on the accuracy of mechanism model, which is very complex.

In conclusion, it is very difficult to monitor the health statement of a
high-power fuel cell stack, and an effective in situ test method for a
high-power fuel cell stack is still lacking. Thus, developing an in situ
test method is important for the application of a high-power fuel cell
stack. Stevens et al. [27] proposed a galvanostatic method for analyzing
the electrochemical characterization of the active surface in carbon-
supported platinum electrocatalysts. This method only needs a galva-
nostatic source for collecting voltage data. Since the current control and
voltage collection are simpler, a galvanostatic method is more con-
venient than a CV method. Lee et al. [28] developed a new galvano-
static analysis technique to estimate ECSA, crossover current, and
double-layer capacitance, and applied it to a single fuel cell stack and a
five-cell PEMFC stack. Furthermore, Pei et al. [29] validated this
method under different test conditions. Although these results showed
reasonable trends, they were not were not comparable to the results of
CV and LSV. Based on this method, Brightman et al. [30] evaluated the
performance of an 18-cell PEMFC stack and Torija et al. [31] analyzed
the basic characteristics of a six-cell PEMFC stack. However, all these
experiments were conducted for one time. They didn’t apply this
method on a long period experiments to analyze the degradation pro-
cess of fuel cell stack. Thus, there is not enough research to validate that
this method can be used in a durability test to identify the degradation
reasons.

This paper presents a comprehensive analysis of a galvanostatic
charge method for fuel cell diagnosis. It validates the accuracy of GSC
under different test conditions, and applies it to analyze the reasons for
the performance degradation of a four-cell stack. Section 2 presents the
mechanism model of the galvanostatic charge method and a correction
algorithm for error elimination. Section 3 describes the experiments
carried out in this study. Section 4 presents the analysis of the experi-
mental data for a single fuel cell and a four-cell PEMFC stack. Section 5
presents the material experimental results to validate the degradation
assumption. Section 6 presents the conclusion.

(a) Voltage curve during charging process (b) dV/dt curve during charging process 
Fig. 1. Mechanism of galvanostatic charge method.
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