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Abstract:In this paper, we experimentally investigated two high temperature polymer electrolyte
 membrane fuel cell (HT-PEMFC) stacks for their response to the presence of reformate impurities in
 an anode gas stream. The investigation was aimed at characterizing the effects of reformate impurities
 at the stack level, including in humidified conditions and identifying fault features for diagnosis
 purposes. Two HT-PEMFC stacks of 37 cells each with active areas of 165 cm2were used with one
 stack containing a pre-doped membrane with a woven gas diffusion layer (GDL) and the other
 containing a post-doped membrane with non-woven GDL. Polarization curves and galvanostatic
 electrochemical impedance spectroscopy (EIS) were used for characterization. We found that both N2


dilution and impurities in the anode feed affected mainly the charge transfer losses, especially on the
 anode side. We also found that humidification alleviated the poisoning effects of the impurities in the
 stack with pre-doped membrane electrode assemblies (MEA) and woven GDL but had detrimental
 effects on the stack with post-doped MEAs and non-woven GDL. We demonstrated that pure and
 dry hydrogen operation at the end of the tests resulted in significant recovery of the performance
 losses due to impurities for both stacks even after the humidified reformate operation. This implies
 that there was only limited acid loss during the test period of around 150 h for each stack.


Keywords:PEM; fuel cell; fault; diagnosis; electrochemical impedance spectroscopy; distribution of
 relaxation times; reformate


1. Introduction


In recent years, proton exchange membrane fuel cells (PEMFC) have become one
 of the most researched and most mature fuel cell technologies [1]. However, despite
 the tremendous research efforts and the technological advancements thus far achieved,
 further optimization and improvements are still needed to reduce their cost, enhance their
 durability, and accelerate their commercialization [2,3].


PEMFC technology has evolved into two sub-types; one operating at low-temperature
 (LT-PEMFC) and the other at high-temperature (HT-PEMFC). In general, the two types
 consist of the same core components; bipolar plates with flow-field channels, a gas diffusion
 layer made of carbon fiber, a catalyst layer based on Pt particles and a carbon support, and
 a proton exchange membrane. The main difference between the two is the material used
 for the proton exchange membrane. In an LT-PEMFC the Perfluorosulfonic acid (PFSA)
 membranes, such as Nafion®, are used [4], which require liquid water to achieve good
 proton conductivity. Hence, their operation is limited to temperatures of up to 100 °C if
 no over-pressure is used. Therefore, liquid water is crucial for the proper operation of a
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(3)Nafion®-based LT-PEMFC stack, and different techniques are being explored to enhance
 the humidification process [5,6].


On the other hand, an HT-PEMFC uses a polybenzimidazole (PBI) membrane impreg-
 nated with phosphoric acid (H3PO4) to facilitate the transfer of protons, which eliminates
 the need for liquid water, thereby, allowing for higher temperature operation—typically
 around 160 °C. This higher operating temperature comes with advantages, including easier
 cooling, more efficient utilization of excess heat, reduced or no water management issues,
 and a higher tolerance to impurities [7].


The latter also means that the HT-PEMFC systems can use (in addition to pure hydro-
 gen) a variety of fuels, which can be converted into hydrogen-rich gas, without the need
 for purification. HT-PEMFC systems are commonly integrated with a reformer and use
 liquid methanol as a fuel, which is easier to transport and has a higher volumetric energy
 density compared to compressed hydrogen at 700 bar [8,9].


The advantage of using fuels that are more manageable than pure hydrogen when
 compared with LT-PEMFCs, especially liquid fuels, such as methanol, makes HT-PEMFCs
 ideal candidates to replace diesel generators for various applications, including as backups
 for telecom applications and auxiliary power units (APU). In addition, they are considered
 for combined heat and power (CHP) applications due to the efficient utilization of excess
 heat, while the infrastructure advantage of liquid fuels provides an edge over LT-PEMFCs
 for applications in heavy duty transportation both as a main power source and as range
 extenders [9].


However, there are still challenges that need to be addressed in order to optimize
 HT-PEMFCs. Durability and stability issues are some of the factors that hinder their wide
 spread commercialization and that are being studied to optimise fuel cell components
 and operating conditions [10,11]. For instance, in the steam reforming of hydrocarbons
 to hydrogen-rich syngas, the steam is supplied with over the stoichiometric ratios. Thus,
 in addition to hydrogen, CO2, and CO, there is always some water vapor present in the
 reformed gas. The presence of water can enhance the fuel cell performance by alleviating
 the CO poisoning effect [12].


On the other hand, Zhou et al. [13] proposed that the water content in the anode gas
 should be minimized to avoid the performance loss when the HT-PEMFC is operated at
 lower operating temperatures (i.e., 140–160 °C), and researchers reported that this may also
 cause faster degradation due to increased acid loss [11]. According to Park et al. [14], the
 performance loss due to a humidified atmosphere can be reversed by precise acid-dosing
 of the degraded membrane electrode assemblies (MEA).


When the doping level of a PBI membrane exceeds two H3PO4molecules per PBI
 repeat unit, free and mobile acid molecules are present in the membrane, as only two
 phosphoric acid molecules can bond with each PBI repeat unit [7]. This acid can leach out
 of the membrane by various mechanisms, such as diffusion, capillary transport, membrane
 compression, evaporation, and especially, can be washed out by condensed water during
 shutdowns and/or cold starts [15].


The phosphoric acid anions can adsorb on the Pt particles on the cathode side and
 occupy the electrochemical surface area (ECSA) of the catalyst for the already slow oxygen
 reduction reaction (ORR) [16,17]. The low permeability of oxygen in the phosphoric acid
 and phosphate anion adsorption on the Pt catalyst are considered as the main causes
 for the lower performance of HT-PEMFC compared to LT-PEMFC under pure hydrogen
 operation [7,18]. As the acid tends to leach out of the membrane, it can also block some of
 the pores for reactant gases in the catalyst and gas-diffusion layer (GDL) and, thus, may
 cause significant mass transport resistance [18].


To alleviate these issues several approaches are taken to optimise the MEA core com-
ponents, such as improving the design of the PBI membrane by tweaking its structure, acid
doping levels, and thickness [19]. There are typically two acid doping methods for PBI
membranes. The first method is called pre-doped, in which PBI is dissolved in polyphos-
phoric acid and the solution is then cast into a membrane. Moisture from the surrounding



(4)environment is sufficient to induce a sol-gel transition by the hydrolysis of polyphosphoric
 acid to phosphoric acid resulting in phosphoric acid-doped PBI membranes.


The second method is called a post-doped membrane, where the PBI is first dissolved
 in an organic solvent and cast into a membrane, where the acid doping is then achieved
 by immersing the PBI membrane into highly concentrated phosphoric acid. The doping
 levels are usually higher for pre-doped membranes at up to 70 molecules of H3PO4per
 PBI repeat unit [20], while the post-doped membranes have a doping level of around
 9–12 molecules of H3PO4per PBI repeat unit [21]. Due to swelling, higher doping levels in
 pre-doped membranes lead to these membranes being thicker compared to post-doped
 ones. To increase the membrane durability or acid uptake, various fillers (e.g., SiO2, TiO2,
 aluminium silicate, and graphene oxide) or different synthesis techniques (e.g., sulfonation,
 cross-linking, or the electrospinning of nanofibers) are used [19,22].


The preparation of the catalyst layer along with the pore sizes and tortuosity of
 the GDL are important factors when it comes to supplying reactants to the triple phase
 boundary (TPB) [23], which is the crucial contact point among the Pt catalyst, the PA/PBI
 electrolyte, and the reactants for the electrochemical reactions to take place. The amount of
 electrolyte (phosphoric acid) around the Pt particles is of paramount importance, where
 too little electrolyte will not create sufficient paths for proton transfer and will cause charge
 transfer issues, while too much electrolyte might cover the active sites for the reactants.


To optimize the catalyst layer, various binders (e.g., polytetrafluoroethylene (PTFE),
 and polyethylene oxide) can be added to make the layer more hydrophobic and/or better
 adhere to the membrane and the GDL [24]. Often a sub-layer, called a mesoporous layer
 (MPL), is used to create better contact between the catalyst layer and the GDL, which
 also improves the redistribution of acid in the catalyst layer, thus, also enhancing the
 electrochemical surface area and preventing the substantial intrusion of acid into the
 GDL [25,26].


Traditionally, the catalyst loading in HT-PEMFCs is higher compared to LT-PEMFCs,
 and current state-of-the art electrodes have loadings of around 1 mgPt/cm2[27]. Some
 recent studies have investigated MEAs with low platinum loading [28,29], where it was
 observed that the traditional MPL or catalyst layer compositions may have to be changed
 to allow increased Pt utilization. Martin et al. [28] showed that electrodes without any
 binder or ionomer in the catalyst layer and catalyst loading of only 0.1 mgPt/cm2yielded
 a maximum performance of 0.42 W/cm2. Yao et al. [29] also investigated an HT-PEMFC
 without the MPL and with Pt loading of 0.2 mgPt/cm2and achieved a power density of
 0.32 W/cm2.


The GDL is a porous material that is traditionally made of carbon fibers and serves
 multiple purposes. It provides an electrically conductive pathway for current collection,
 passage for transport of reactants and removal of the produced heat and water, mechanical
 support to the MEA, and protection of the catalyst layer from corrosion or erosion caused
 by flows or other factors. Carbon fibers can either be woven in a so-called carbon cloth or
 non-woven in a form of carbon paper. The main difference between the two types is that
 non-woven carbon tend to be thinner, more brittle, and less compressible, compared to the
 woven forms.


Kannan et al. [30] compared four types of commercially available non-woven GDLs
 from Freudenberg that were assembled with the same type of a post-doped membrane into
 the MEAs. The main difference between the investigated GDLs is the composition of the
 MPL and surface treatment of the GDL. The lowest degradation rate was demonstrated with
 the GDL that most efficiently retained the phosphoric acid. Therefore, each type of GDL
 can be tailored to have different porosity, hydrophobicity, and conductivity characteristics.


As with all fuel cell types, the initial activation phase or break-in is crucial to allow
the HT-PEMFC to reach its optimal performance and to avoid fast degradation [11]. The
break-in period depends on the structure of the components comprising the MEA and on
the acid doping method. In a study [21], researchers demonstrated that pre-doped MEAs
required at least 30 h to achieve peak performance while post-doped MEAs underwent



(5)minor changes in the break-in period, which may indicate that this type of MEA can be
 used directly without the need for a break-in period. The changes in performance during
 the break-in can be ascribed to redistribution of the phosphoric acid within the membrane,
 catalyst layer, and the GDL [25].


In this work, we study two HT-PEMFC stacks assembled with the same components
 but with different types of MEAs. The first MEA type consists of a post-doped membrane
 and a non-woven GDL, while the second consists of a pre-doped membrane and a woven
 GDL. These two types of stacks were exposed to various operating conditions, namely,
 N2dilution and CO and CO2poisoning both with and without humidification. For the
 experimental characterization of the effect of the different operating conditions on the
 stacks, polarization curves and electrochemical impedance spectroscopy (EIS) were used.


The data obtained by EIS were then analyzed by using two approaches: an equivalent
 circuit model (ECM) and distribution of relaxation times (DRT).


2. Methodology
 2.1. Experimental Setup


A schematic of the test setup used for the experiments in the current work as well as a
 photo of one of the fuel cell stacks are shown in Figure1. The experimental characterization
 was carried out using a GreenLight Innovation fuel cell test station. Two oil-cooled HT-
 PEMFC stacks of 37 cells, each with active area of 165 cm2, were used. The first stack
 employed a post-doped Dapozol membrane by Danish Power systems (DPS), which
 utilized meta-PBI as polymer materials and a typical acid doping level of 8–10 phosphoric
 acid molecules per repeat unit of PBI. The second stack used pre-doped MEAs by Serenergy
 A/S that utilized a direct cast membrane of the para-polybenzimidazole type with an acid
 doping level of 30–40 phosphoric acid molecules per polymer repeat unit.


While both membranes utilized phosphoric acid for proton conduction, the high acid
 content leads to less mechanical stability of the membranes resulting in differences in the
 chosen thicknesses of the membranes used, with the post-doped membranes being thinner
 than the pre-doped membranes. This thinner format of the post-doped membranes partially
 compensates for the lower acid doping level when it comes to the proton conductivity.


Finally, the DPS MEAs employ a non-woven gas diffusion layer (GDL), whereas the
 Serenergy MEAs use a woven type GDL, and both MEAs have a Pt loading of the electrodes
 of∼1 mgPt/cm2.


H2
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Figure 1.Test setup (a) A schematic of the test setup. (b) One of the short stacks used in the current work.



(6)2.2. Test Procedures


The tests in the current work consisted of different gas compositions in the anode
 feed stream of two fuel cell stacks. At the beginning of each test (BOT), the stacks were
 operated under a pure and dry hydrogen feed on the anode side as a reference for the study.


This was then followed by the main tests of the current work—namely, nitrogen dilution,
 simulated dry reformate and simulated wet reformate. Finally, pure and dry hydrogen in
 the anode feed was used at the end of the tests (EOT) to check the reversibility of the effects
 of the impurities on the fuel cell stacks. The test procedures along with the compositions of
 the anode feed stream for each test step are given in Table1.


Table 1.The test procedures.


Test Step Anode Gas Composition Duration


Break-in 100% H2 50 h


Nitrogen dilution 100% H2, 31.7% N2 24 h


Dry reformate 68.3% H2, 0.9% CO, 21.8% CO2, 9% N2 24 h


Air-bleed 2% air, 98% H2 5 min


Wet reformate 68.3% H2, 0.9% CO, 21.8% CO2, 9% H2O 24 h


Air-bleed 2% air, 98% H2 5 min


End of test recovery 100% H2 24 h


Both stacks underwent a 50-h break-in procedure in the beginning of the test at
 0.2 A/cm2under pure hydrogen operation. Successively, the different fuel compositions
 were tested on the anode side of the stack, and each fuel composition was operated for
 24 h. Polarization curves and EIS spectra were recorded 1 h after the start and at the end of
 each 24 h test period. Galvanostatic EIS sweeps were recorded between 4 kHz and 0.1 Hz
 at 20 points per decade using an in-house-built frequency analyzer.


For the EIS measurements, an AC amplitude of 2.5 A was used for all set points, which
 corresponds to 7.5% of the operating current of 65 A. To minimize measurement errors,
 three impedance spectra were recorded at each test condition with 15 min of relaxation
 time before each measurement. The repeatability of the EIS measurements is shown in
 Figure2, where it can be seen that the three EIS measurements on pure hydrogen lay on
 top of each other.
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Figure 2.Repeatability of the EIS measurements.



(7)For the polarization curve measurements, the current was increased from 0 to 75 A,
 with a step increase of 2.5 to 10 A to capture the activation losses better and a wider step
 of 5 A for the remainder of the curve. A dwell time of 3 min was used at each current
 during the polarization measurements. An anode stoichiometric ratio of 1.3 and cathode
 stoichiometric ratio of 2.5 were used for all the tests.


An air-bleed step was used in order to recover the effects of CO before proceeding
 to the next step whenever a test step contained CO in the anode gas composition. The
 air-bleed step consisted of running the fuel cell at the anode fuel composition of 2% air and
 98% H2for five minutes at 65 A. The same test matrix was followed for both stacks to carry
 out the characterization study.


2.3. Data Analysis


In this work, a combination of polarization curves and EIS measurements were used to
 monitor the performance and investigate the effects of the different reformate compositions
 on two stacks. The EIS data was analyzed by means of equivalent circuit model (ECM) fits
 and DRT peaks in order to characterize both the post-doped and pre-doped stacks.


While ECM fits can provide a quick physical interpretation of the impedance measure-
 ments, there are still ambiguities surrounding their interpretation, and different ECMs can
 fit the same EIS data. Therefore, in the current work, the shapes of the impedance spectra
 in the Nyquist plots, the DRT peaks, and the understanding of the fuel cell stacks was used
 as a basis for the choice of ECM and analysis of the results. A typical ECM for a PBI-based
 HT-PEMFC [31,32], composed of a series connection of an inductor (L), a resistor (Rohm),
 and three parallel resistors and constant phase elements (RkCPE), was used to analyze the
 different losses of the fuel cell stacks.


A constant phase element is pseudo-capacitive element used to mimic the depressed
 EIS data of real systems for a better fit by accounting for interface inhomogeneities [33]. In
 the literature, CPE has been attributed to the DC conductivity and the capacity of an ion
 conductor [34] as well as to the surface roughness and electrode porosity [33]. However,
 there are still uncertainties regarding its physical meaning [33].


Therefore, in the current work, CPE was only used for better fits by keeping the
 exponential coefficientαconstant in the expression for the impedance of a CPE (Z= Q×jω1 α,
 where Qis the pre-factor of the CPE andαis the exponent). Only changes in the resis-
 tances due to the different operating conditions were monitored and analyzed. A more
 detailed discussion on the advantages and disadvantages of analyzing impedance measure-
 ments via ECM fitting along with the typical models for HT-PEMFCs and their physical
 interpretations is summarized in our previous work [7].


The ECM used in this work is shown in Figure3. In the interpretation of fitted resis-
 tances, it is generally accepted that the ohmic resistance (Rohm) represents all the contact
 resistances, including the proton conduction across the electrolyte and its changes reflect the
 changes in proton conductivity [35,36]. High frequency resistance (RHF) and intermediate
 frequency resistance (RIF) are associated to charge transfer losses, with the former domi-
 nated by the anode charge transfer losses and the latter by those in the cathode [37]. Finally,
 the low frequency resistance (RLF) is ascribed to the mass transport losses [38].
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Figure 3.The equivalent circuit model used in this work.



(8)Distribution of relaxation times (DRT) analysis is another method of analyzing impe-
 dance data, in which the impedance spectra are represented by an infinite number of
 infinitesimal parallel RkC-elements in series [39]. The impedance data is then resolved on
 the basis of the time constants and presented as a distribution of these time constants that
 represent the electrochemical processes in the fuel cell [40]. Further description of DRT
 analysis and its use in fuel cells can be found in the literature [39,41–44].


The DRT deconvolution of the impedance spectra was performed with a freely avail-
 able MATLAB application (DRTtools). The deconvolution takes place by discretizing the
 complex impedance response given by Equation (1) into a finite number of time constants,
 which gives Equation (2) [39,41–43]:


Z(ω) =R0+Rpol
 Z∞
 0


g(τ)


1+jωτdτ (1)


Z(ω) =R0+Rpol



∑
N
 k=1

gk


1+jωτk (2)


whereR0represents the ohmic resistance,Rpolrepresents the overall polarization resistance
 of the fuel cell,jis the imaginary number,ωis the frequency,τ= RC is the time constant of
 the single RkC—element, andg(τ)represents the distribution function. The term 1+jωτg(τ) dτ
 in Equation (1) represents the fraction of the overall polarization with relaxation times
 betweenτandτ+dτand the termgkin Equation (2) represents the relative share of each
 τkon the overall polarization resistance. Therefore, in order to account for the absolute
 resistance distribution and compare the DRT analysis more easily with the information in
 the Nyquist plot,gkwas scaled by multiplying it with the overall polarization resistance
 (hk =Rpol×gk) [39].


Since Equation (2) cannot be solved numerically, a Tikhonov regularization can be
 used to stabilize the solution numerically, which, in this work, was set to 10−5, based on
 recommendations from the literature on fuel cells [39,43]. Even though the attribution
 of the different DRT peaks to the losses in the fuel cells is not straightforward, based on
 the literature and experience, in this work, peaks below 1 Hz were associated with mass
 transport losses, peaks between 10 and 50 Hz were attributed to oxygen reduction reaction
 (ORR) losses, and peaks above 100 Hz were considered to be due to hydrogen oxidation
 reaction (HOR) losses and proton conduction losses [44]. In a DRT plot, taller peaks indicate
 higher losses.


3. Results


3.1. Nitrogen Dilution


Nitrogen can be present in the anode feed stream of an HT-PEMFC in cases where the
 fuel cell is fed with reformed natural gas or decomposed ammonia. Nitrogen is known to
 have a dilution effect when fed into the anode of an HT-PEMFC along with hydrogen [45].


Therefore, nitrogen dilution in the current work was studied for two purposes.


First, given its presence in some reformate mixtures, it is important to investigate
 its effects at the stack level for the two types of MEAs. Secondly, as an easily available
 inert gas, nitrogen was used as a buffer gas to complete the anode gas mixtures to 100%


when comparing the effects of dry and wet reformate gases on the two stacks. Therefore,
 nitrogen dilution analysis also has the purpose of distinguishing the effects of dilution
 from those of humidification. The gas recipes used for the different stages of the tests are
 shown in Table1.


The results of the current work show that the performance decreased for both stacks
with nitrogen dilution, Figure4. The initial dilution effects remained unaltered for the 24 h
of tests for the pre-doped stack; however, they continued to exacerbate for the post-doped
stack. The initial performance of the post-doped stack was higher than that of the pre-
doped stack under the same operating conditions, Figure4a, while the polarization losses



(9)were higher for the post-doped stack as can be seen from the slopes of the polarization
 curves in Figure4a and the impedance spectra in Figure4b.


The two types of MEAs used in the two stacks had different properties as described
 in the Section 2, and therefore their performances cannot be compared directly with
 each other. Other than the MEA properties, the stack assembly can also influence the
 overall performance. Hence, the current analysis will focus on how the different operating
 condition affected each stack and what fault features can be identified.
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Figure 4.The effects of N2dilution on both stacks. (a) Polarization curves. (b) EIS spectra.


All the high frequency real axis intercepts in the Nyquist plot lay on top of each other,
 implying that the ohmic resistance was not affected by dilution. However, there is a size
 increase of the impedance spectra in all frequency regions, which implies performance
 losses, perhaps due to reduced triple phase boundaries as a result of the acid redistribution
 and eventual loss of excess acid.


In Figure5, the fitted equivalent circuit resistances and the DRT analyses of the two
 stacks are shown. The ohmic resistances remain almost unaltered in both cases, with a
 slight decrease for the pre-doped stack, whereas RHF is the resistance that is the most
 impacted by dilution in both cases, increasing both in the beginning and the end of the
 dilution tests for both stacks, Figure5a,b.


This can be ascribed to the fact that the dilution was done by reducing the hydrogen
 concentration of the anode feed and substituting it with nitrogen, which significantly
 reduced the amount of hydrogen available for the electrochemical reaction in the active
 sites. The cathode charge transfer loss that dominated RIFalso increases for both stacks
 in the beginning of the dilution tests; however, while it continued to increase for the post-
 doped stack, it recovered for the pre-doped stack. The mass transport losses appeared
 unaffected for the post-doped stack, and an overall slight increase was observed for the
 pre-doped stack.


Figure5c,d show the DRT analyses for the two stacks, where up to five peaks for
the post-doped stack and three distinct peaks for the pre-doped stack can be seen. The
additional peaks of the post-doped stack are a small one at low frequency right below 10 Hz
and another at high frequency, between 1 and 10 kHz. However, none of the peaks are
below 1 Hz, which highlights that the mass transport losses as result of nitrogen dilution
were not significant in either stack. All the peaks were affected negatively in the beginning
of the dilution tests with successive recovery for most of the peaks for both stacks, with an
exception at the high frequency region for the post-doped stack, where the DRT peak size
continue to increase.
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Figure 5.EIS data analysis for the effects of N2dilution on both stacks. (a) EC model fitted resistances for the post-doped
 MEA-based stack. (b) EC model fitted resistances for the pre-doped MEA-based stack. (c) DRT analysis of the post-doped
 MEA-based stack. (d) DRT analysis of the pre-doped MEA-based stack.


3.2. Poisoning Effects of Dry and Wet Reformate Impurities


The effects of CO and CO2on the performance and durability of an HT-PEMFC are
 fairly well investigated in the literature [7,27,46]. However, most of these studies were
 performed at the single cell level and often investigated only simulated dry reformate
 composition. In the current work, both dry and wet reformate impurities in the anode
 feed were studied at the stack level for two types of MEAs in order to understand not
 only the effect of impurities but also the effects of water vapor in the anode feed, which
 is an inevitable by-product of the methanol steam reforming process. Water has positive
 effects in low temperature PEM fuel cells, where it is used as a proton transport medium.


Nonetheless, its effects on an HT-PEMFC are not fully understood, with some reporting
 advantages [47] and others recommending that it is avoided under certain operating
 conditions [13].


3.2.1. Poisoning Effects on an HT-PEMFC Stack with Post-Doped MEAs


The poisoning effects of both dry and wet reformate impurities on the fuel cell stack
 with a post-doped membrane and non-woven GDL-based MEAs are reported in Figure6.


From the polarization curves in Figure6a, it can be seen that the performance decreased
 with the introduction of reformate impurities. The effects of both dry and wet reformate
 impurities are similar.


The effects for both cases are the highest in the beginning of test and there is a slight
recovery, especially at higher current densities at the end of the 24 h tests. This is inline
with certain reports that, even though the net effect of N2dilution on the thermodynamic,



(11)kinetic, and mass-transport driving forces is approximately independent of the relative
 humidity, both the relative humidity and N2dilution affect the anode potential in the same
 way that water vapor also causes dilution effects [13,48,49].


0 0.1 0.2 0.3 0.4 0.5


Current density [A/cm2]
 16


18
 20
 22
 24
 26
 28
 30
 32
 34
 36


Fuel cell stack voltage [V]


100% H
 2 BOT
 Dry reformate BOT
 Dry reformate EOT
 Wet reformate BOT
 Wet reformate EOT
 100% H


2 EOT


(a)


0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9


ZReal [ .cm2 /cell]


-0.05
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3


-ZImag [.cm2 /cell]


100% H2 BOT
 Dry reformate BOT
 Dry reformate EOT
 Wet reformate BOT
 Wet reformate EOT
 100% H


2 EOT


1 kHz 100 Hz 10 Hz 1 Hz


(b)


Figure 6.The effects of dry and wet reformate impurities on an HT-PEMFC stack with an MEA composed of a post-doped
 PBI membrane and non-woven GDL. (a) Polarization curves. (b) EIS spectra.


Similar effects can be seen from the Nyquist polts in Figure6b, which were recorded at
 the higher current density end of the polarization curves at 0.4 A/cm2. The overall increase
 in the polarization resistance was clear for both dry and wet reformate impurities. While
 the dry reformate operation appeared to stabilize after the 24-h tests, the wet reformate
 operation resulted in a significant increase in polarization losses at the end of the tests,
 despite a slight recovery at the beginning of the tests.


The impedance data was fitted to an equivalent circuit model, and DRT analysis
 was performed to further analyze the effects of the impurities, Figure7. As can already
 be noticed from the high frequency intercept of the Nyquist plots, the ohmic resistance
 remained almost unaltered throughout the test, with a slight decrease with the introduction
 of wet reformate, which, however, then increased to the initial values, Rohmin Figure7a.


RHF and RIF, which are mainly associated with the charge transfer losses in the two
 electrodes increased significantly with the introduction of the dry reformate mixture and
 continued to increase slightly until the end of the tests.


Wet reformate partly recovered both of the above mentioned resistances; however,
 they increased back again at the end of tests. In particular, a striking increase in RIF is
 seen at the end of the wet reformate operation, which also corresponds to what is seen in
 the Nyquist plots. This means that humidification exacerbated the charge transfer losses,
 especially those at the lower frequency region dominated by ORR. However, both RHFand
 RIFreturned almost to the initial values under pure dry hydrogen operation at the end of
 test, which implies that the effects are reversible.


This performance recovery also means that the reason for the losses during the wet
 reformate operation was not related to acid loss but rather to the interaction between
 water vapor, CO, CO2, and phosphoric acid. Daletou et al. [47] studied the interaction
 of water vapor and phosphoric acid and found that water reacted with pyrophosphoric
 acid in order to maintain the equilibrium concentration of phosphoric acid at a high level,
 thereby, improving the proton conductivity and fuel cell performance. However, their
 work assessed only performances with pure hydrogen operation. The conductivity and
 performance improvement in this work was only observed in the initial period of operation
 after the introduction of water vapor into the stack.


Finally, the mass transport losses increased slightly for the dry reformate operation in
the beginning of test but returned to the initial values at the end of the test. The increase in



(12)mass transport losses was more visible for the wet reformate operation; however, this too
 recovered slightly with time, and the overall losses can be considered mild.
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Figure 7.EIS data analysis of the poisoning effects of reformate impurities in the anode feed of the
 post-doped MEA-based HT-PEMFC stack. (a) Equivalent circuit model fitted resistance data. (b) DRT
 analysis of dry reformate. (c) DRT analysis of wet reformate.


The DRT analysis in Figure7shows that all the spectra had at least four distinct peaks
 at around 10 Hz, 100 Hz, 1 kHz, and 4 kHz. All the peaks increased in size with the
 introduction of dry CO and CO2into the anode stream, Figure7b. While the peaks below
 10 Hz decreased slightly after 24 h, the peak above 100 Hz continued to increase. The peaks
 remained similar in size with the introduction of humidification instead of N2in the anode
 stream along with CO and CO2, Figure7c.


However, after the 24 h of testing under the wet reformate conditions, a fifth peak
appeared around 2 Hz. This region is on the border between the ORR processes and mass
transport; however, it is more likely due to cathode charge transfer losses as it is reflected in
the increase in RIFin the fitted resistances in Figure7a. Pure and dry hydrogen operation
at the end of the test resulted in significant recovery as already shown from the polarization
curves and Nyquist plots. While some residual losses are seen on the peak sizes between
10 Hz and 100 Hz, the high frequency peaks above 100 HZ recovered almost fully.



(13)3.2.2. Poisoning Effects on an HT-PEMFC Stack with Pre-Doped MEAs


Similarly to the previous stack based on post-doped MEAs, the effects of CO and CO2


were clearly visible on the stack with the pre-doped MEAs, as can be seen from the polariza-
 tion curves and Nyquist plots in Figure8ab, respectively. The performance of the stack was
 slightly higher for the wet reformate operation, especially above 0.25 A/cm2, Figure8a.


Considering that the reformate conditions were tested after the dry reformate condi-
 tions, this shows that the humidification alleviated the poisoning effects of CO and CO2


on the pre-doped MEAs, and it did so until the end of the tests. This is in clear contrast
 with what was observed for the post-doped MEAs, where humidification did not have
 performance enhancing effects, and the observed recovery was mainly due to stabilization
 with time in both the dry and wet reformate conditions. As with the post-doped stack, the
 recovery with pure hydrogen at the end of tests was significant in the case of the pre-doped
 stack as well.
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Figure 8.The effects of dry and wet reformate impurities on an HT-PEMFC stack with an MEA composed of a pre-doped
 PBI membrane and woven GDL. (a) Polarization curves. (b) EIS spectra.


The equivalent circuit model fitted resistances are shown in Figure9a. It can be seen
 that, similarly to the post-doped stack, the ohmic resistances remain unaltered throughout
 the tests for the pre-doped stack as well. However, both RHF and RIFincrease with the
 introduction of dry reformate and continue to increase until the end of tests. Therefore,
 in the case of the pre-doped stack, the recovery and stabilization seen during the dry
 reformate tests in the post-doped stack are not observed. The recovery happens during
 the wet reformate tests, where both RHFand RIFdecrease and remain almost unaltered
 until the end of the wet reformate operation. The RHFfor the wet reformate operation was
 lower than that of the pure hydrogen operation, and, for RIF, the values are similar to the
 resistance of the pure hydrogen operation. This implies that the water in this case limits
 the poisoning effects of CO on the stack.


Nonetheless, the effects of the dry reformate impurities on the mass transport losses
 were more significant in the case of pre-doped stack compared to the post-doped stack. An
 increase in mass transport losses was seen in the beginning of the test with dry reformate. At
 the end of dry reformate test, it appears, from Figure9a, that the mass transport recovered
 slightly. However, this is due to the shape of the Nyquist plot of the “Dry reformate EOT”


in Figure8b, which is different from the other impedance spectra at the low frequency
 end and could not be fitted properly using the EC model used for the other spectra. Since
 changing the EC model for just one spectrum would not allow for proper comparison of
 the other circuit elements, it was preferred to underestimate RLF.


Nonetheless, when adding the information obtained from the DRT analysis in Figure9b,
one can see that the mass transport losses indeed increased at the end of the dry reformate
operation. In fact, the dry reformate operation at the end of the 24 h of test was the only



(14)spectra in the current work that resulted in a peak below 1 Hz, which, as mentioned, is
 associated with mass transport losses.


Both the Nyquist plots in Figure8b and the ECM fitted resistances in Figure9a show
 that all the losses were recoverable when operating with pure hydrogen again. In fact,
 Nyquist plots under pure hydrogen operations before and after the tests almost overlapped
 each other, and, overall, the fitted resistances were similar. However, as shown in the
 polarization curves in Figure8a, there was slight performance degradation at the end of
 the tests compared to the beginning of life. This is perhaps due to the fact that, unlike EIS,
 polarization curves are recorded over a range of current densities at conditions that are not
 completely steady state.
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Figure 9.EIS data analysis of the poisoning effects of reformate impurities in the anode feed of the
 pre-doped MEA-based HT-PEMFC stack. (a) Equivalent circuit model fitted resistance data. (b) DRT
 analysis of dry reformate. (c) DRT analysis of wet reformate.


Unlike the post-doped stack, which had up to five DRT peaks, the pre-doped stack
exhibited only three distinct peaks for pure hydrogen operation. An additional peak was
then observed between 100 Hz and 1 kHz when CO and CO2were added to the mix. Since
the nitrogen dilution tests in Figure5d also exhibited only three peak, this additional peak
in the charge transfer loss region was attributable to the presence of poisoning agents in
the anode feed. It is well documented that CO covers active electrode sites, while CO2has
dilution effects similar to those seen for N2with possible small poisoning effects due to CO
production via the reverse-water-gas-shift reaction of CO2with H2[7,45].



(15)With the introduction of the dry reformate mixture into the anode feed, all the DRT
 peaks increased in size with the exception of the peak at around 100 Hz. Continued
 operation under dry reformate conditions then stabilized the stack, and it regained some of
 the losses. However, at the end of the 24 h of dry reformate tests, a fifth peak was observed
 below 1 Hz. As already mentioned, even though this was not captured in the EC model fit,
 it can be attributed to mass transport losses, considering the shape of the EIS spectrum and
 the DRT peak below 1 Hz.


This shows the advantage of adding DRT analysis and not relying solely on ECM fits
 for the EIS analysis. In Figure9c, it can be seen that, in the presence of water, the DRT peak
 sizes decreased throughout the spectrum except at the highest frequency point. However,
 after the end of the 24 h, the peaks around 10 Hz increased back close to the initial values.


4. Discussion


Characterization of the effects of reformate impurities in an HT-PEMFC stack is crucial
 not only for understanding the poisoning and degradation mechanisms to optimize the fuel
 cell components but also to identify the fault features for diagnostics and fault mitigation
 purposes. The effects of the tested operating conditions on the different EIS parameters are
 summarized in Table2.


Table 2.The characteristic features of dry and wet reformate in HT-PEMFC stacks. The arrows indicate the overall trends of
 the parameters, where↑represents an increase and→represents no significant change.


Test Stack with Post-Doped MEAs Stack with Pre-Doped MEAs


ECM DRT ECM DRT


N2dilution RHF↑, RIF↑, 4 peaks↑ RHF↑, RLF↑ 3 peaks


Rohm→, RLF→ Rohm→, RIF→ peaks < 100 Hz↓


peak at 1 kHz↑
 Dry reformate RHF↑, RIF↑, RLF↑ 4–5 peaks↑ RHF↑, RIF ↑, RLF↑ 3–5 peaks↑


Rohm→ Rohm→ peak below 1 Hz


Wet reformate RHF↑, RIF↑, RLF↑ 4–5 peaks↑ RHF↓RLF↑ 4 peaks


Rohm→ Rohm→, RIF→ peaks < 100 Hz↓


peak at 1 kHz↑


N2dilution negatively affected only the charge transfer losses for both stacks, especially
 RHF, which is mainly associated with the anode charge transfer losses. The proton con-
 ductivity and mass transport remained mostly unaltered by N2dilution for the stack with
 post-doped MEAs, while an overall slight increase in the mass transport loss was seen for the
 pre-doped stack. It is reported in the literature that, with the addition of an inert gas, such as
 nitrogen, the diffusion resistance becomes more substantial because the effective diffusion
 coefficient of hydrogen in the gas mixture is reduced by the Maxwell–Stefan effect [48].


However, in the current work, the effects of N2dilution were manifested predomi-
 nantly on the reaction kinetics-dominated high and intermediate frequency resistances
 rather than the diffusion-dominated mass transport resistance. This could be because
 dilution reduces the amount of hydrogen on the reaction sites, and this effect appears to be
 more severe than the mass transport issue caused by N2dilution. This is in contrast with
 what some researchers have observed in half-cell and single cell tests, where the nitrogen
 dilution effects were limited to mass transport losses [48,50].


Similarly, the effects of CO and CO2poisoning on the charge transfer losses were more
dominant for both stacks, particularly on the anode-dominated high frequency resistance
losses, while the ohmic resistance remained unaltered during the poisoning with or without
humidification. While the poisoning effects on the high frequency resistances were to be
expected due to the adsorption of CO on the anode Pt particles and the consequent loss of
ECSA, the effects on the intermediate frequency resistance were peculiar.



(16)Bevilacqua et al. [50] reported similar effects on the cathode due to CO on the anode
 feed, which they attributed solely to the drop in voltage that caused an exponential drop in
 the exchange current density according to the Butler–Volmer equation and led to higher
 impedance. They excluded any CO cross-over from the anode to the cathode. This could
 explain the increase in the intermediate frequency resistances of both stacks during the
 poisoning tests.


The presence of water during CO poisoning, which is reported to alleviate the de-
 grading effects of CO [12], was only observed for the stack with pre-doped MEAs. In fact,
 upon the introduction of humidification, both RHFand RIFrecovered for the stack with
 post-doped MEAs, but then continued to increase significantly. This could be because the
 phosphate anions from the more mobile phosphoric acid in post-doped stacks adsorbed on
 the cathode [16,17] and could also impede mass transport by blocking some of the pores of
 the GDL while leaching out [18]. The latter could also be the reason for the mass transport
 loss observed during dry reformate tests on the stack with pre-doped MEAs, which has
 significantly higher doping levels compared with the post-doped MEAs.


Performance losses in the presence of water are usually associated with acid loss.


However, the fact that there was a significant performance recovery with the pure H2oper-
 ation at the end of the tests indicates that the reason for the losses during the wet reformate
 operation were not related to acid loss. Acid loss is reported to mainly happen at lower
 operating temperatures and during shutdown/startup cycles due to the condensation
 of water that can wash out the acid [13,15]. This is not the case in the current work, as
 there were only a limited number of shutdown/startup procedures, and the operating
 temperature was kept constant at 160 °C.


Studies suggest both positive and negative effects of humidification in HT-PEMFCs,
 where some propose that the interaction of water with phosphoric acid improves the proton
 conductivity and fuel cell performance and others reported negative effects of water vapor,
 including dilution and acid loss, especially at lower temperatures [11,13,47]. Therefore, it
 can be said that water vapor in an HT-PEMFC has the dual opposite effects of dilution and
 that of maintaining the equilibrium concentration of phosphoric acid.


The positive effects of humidification compared to dry poisoning in this work were
 observed in the initial period of operation after the introduction of water vapor into the
 stack with post-doped MEAs. However, successively, the negative effects of humidification
 prevailed for this type of MEAs. On the other hand, humidification alleviated the effects of
 CO poisoning throughout almost the entire test period and across the frequency spectrum
 for the stack with pre-doped MEAs. Therefore, we conclude that humidification has a
 beneficial effect on a reformate operated stack with pre-doped MEAs but has detrimental
 effects on a stack with post-doped MEAs.


Finally, some of the characteristic features shown in Table2can be regarded as fault
 features, where sudden and continuous increases in the fitted resistances and DRT peaks
 can be a sign of the presence of impurities. For instance, the size and number of DRT peaks
 increase when dry CO and CO2are introduced to either stack. The stack with pre-doped
 MEAs exhibited only three DRT peaks under pure H2operation and under N2dilution.


However, when the impurities were introduced, an additional peak appeared in the charge
 transfer region, which can be used to identify the presence of poisoning agents in the anode
 feed for a stack with pre-doped MEAs.


5. Conclusions


In this paper, experimental characterization was performed for two 37-cell HT-PEMFC
stacks with active areas of 165 cm2. The effects of nitrogen dilution and reformate impurities
were studied using polarization curves and EIS measurements. CO and CO2were chosen
as the reformate impurities, and their effect on the stacks were investigated both with and
without humidification. The two stacks used in this work employed two different types of
MEAs, one with a post-doped PBI membrane and non-woven GDL and the other with a
pre-doped PBI membrane and woven GDL type.



(17)We found that N2had a reversible dilution effect, which was mainly manifested by the
 increase in the anode charge transfer losses for both stacks. This could be because dilution
 reduces the amount of hydrogen on the reaction sites, and this effect appeared to be more
 severe than the mass transport issue caused by N2dilution. N2dilution did not affect the
 ohmic resistance negatively in either stack. Generally, from the Nyquist plot and the DRT
 peaks analysis, the stack with pre-doped MEAs was less susceptible to dilution effects and
 had more stable operation over the dilution test period.


The effects of CO and CO2poisoning were also mainly seen on the charge transfer
 losses for both stacks, while the ohmic resistance remained unaltered even during the
 poisoning tests irrespective of the presence of water vapor. We also found that humidi-
 fication had a beneficial effect on a reformate-operated stack with pre-doped MEAs but
 had detrimental effects on the stack with post-doped MEAs. Nonetheless, there was sig-
 nificant performance recovery for both stacks with the pure hydrogen operation at the
 end of the tests, implying that the poisoning effects are reversible even in the presence
 of humidification.


A combination of the magnitude and trend of the changes in the various parameters
 (equivalent circuit elements and DRT peaks) due to the different operating conditions in
 the current work can be used for fault matrix creation and for diagnostics purposes. The
 increase in the size and number of DRT peaks when dry CO and CO2were introduced to
 either stack can be considered as a CO poisoning fault feature. In particular, the stack with
 pre-doped MEAs exhibited only three DRT peaks under pure H2operation and under N2


dilution. Therefore, the additional DRT peak in the charge transfer region during impurities
 operation can be used to identify the presence of poisoning agents in the anode feed for a
 stack with pre-doped MEAs.
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Abbreviation


The following abbreviations are used in this manuscript:


BOT Beginning of test
 CPE Constant phase element
 DRT Distribution of relaxation time
 ECM Equivalent circuit model


EIS Electrochemical impedance spectroscopy


EOT End of test


GDL Gas diffusion layer


HOR Hydrogen oxidation reaction


HT-PEMFC High temperature polymer electrolyte membrane fuel cell
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