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The membrane electrode assembly (MEA) is a core component of low-temperature fuel cells. The first step of MEA manufacturing is the preparation of a catalyst ink suspension in which the catalyst powder is homogeneously dispersed in a liquid solvent through mechanical or sonic agitation. In this work, we have studied the effects of catalyst dispersion in water or alcohol solutions and subsequent drying processes on the physicochemical properties of Fe-N-C catalysts and their electrocatalytic oxygen reduction activities. We find that dispersing the model Fe-N-C catalyst comprising only FeN x C y moieties in water and subsequent drying treatment change neither its bulk structure nor surface composition, as indicated by various spectroscopic measurements before and after treatment. However, zeta potential measurements, which are very sensitive to the chemistry of functionalities present on the carbon surface, reveal that the Fe-N-C catalyst becomes slightly more acidic, and that the change in their acido-basicity is magnified with a) increasing treatment temperature and b) repetitions of a same wetting/drying treatment. This small change in the surface acidobasicity of the Fe-N-C catalyst results in a measurable and reproducible decrease in its electrocatalytic activity, which shows a positive correlation with the zeta potential changes measured at pH = 1. Observed on the Fe-N-C catalyst but not on Pt/C, it is surmised that the electrocatalytic activities of the oxygen-reducing FeN x C y moieties are influenced by the surface chemistry of the carbonaceous support. Since catalyst wetting and drying processes are essential for MEA fabrication for fuel cells, these results suggest that careful attention should be paid to the conditions employed to prepare and dry catalytic inks for the family of Fe-N-C catalysts in order to obtain their highest possible ORR activity.

Introduction

Proton-exchange membrane fuel cells (PEMFCs) are electrochemical devices that convert the chemical energy of an externally supplied fuel (e.g., hydrogen) directly into electricity.

Due to their high energy efficiency and specific power density at low operating temperatures (ca. < 80 ℃), PEMFCs have rapidly been adopted for stationary and automotive applications [1,2]. The core of the PEMFC system is the MEA, which consists of a proton-exchange membrane, catalyst layers and gas diffusion layers (GDLs). High proton and/or electron conductivity in the membrane and catalyst layers, easy transport of the gas into the catalyst layers and effective water management (e.g., for sufficient membrane hydration while avoiding catalyst layer flooding) are prerequisites for achieving high PEMFC performance [3][4][5]. Hence, many studies have focused on MEA fabrication processes in order to maximize PEMFC performance [6][7][8].

In general, the membrane and GDL components of the MEA are fabricated separately, and then assembled in a single MEA using hot-pressing methods [9,10]. The catalyst layers are usually either fabricated directly on the membrane via spray or painting methods (Catalystcoated membrane, CCM) or on rigid support such as the GDL itself (catalyst coated layer, CCL) or a polymer sheet. In the latter case, the catalyst layer is then subsequently transferred onto the membrane via a decal transfer [11][12][13]. Regardless of the particular method employed to fabricate the catalyst layer, the manufacturing begins with the preparation of an ink which is a suspension containing the catalyst powder, an ionomer and liquid solvents (e.g., water, ethanol, isopropyl alcohol, etc.). The quality of the ink suspension is of great importance for the quality of the final catalyst layers in the MEA. Dispersion of aggregated catalyst particles and of ionomer is typically achieved by a long-time wetting of the powder with the solvents under external powers of mechanical stirring or, more commonly, sonication (e.g., ultrasonic bath or tip-probe).

The principle of sonication leans on sound energy with an ultrasonic frequency higher than 20 kHz. As the frequency increases, the agitation of particles is intensified. However, the ultrasonic sound concurrently induces local temperature increase in the medium due to vibration and acoustic cavitation [14][15][16][17][18]. Consequently, sonication can also overcome energy barriers for chemical bond formation and cleavage [19][20][21][22]. Mild oxidation of carbon surfaces after sonication has for instance been repeatedly reported [23,24]. In spite of its potential to chemically modify substances, sonication (or mechanical stirring) processes have frequently been used to homogenize catalyst inks, without serious consideration of possible modifications to the surface chemistry of the catalysts during the energetic treatment.

In this study, we characterized changes in the surface chemistry of a model Fe-N-C catalyst (comprising Fe solely as FeN x C y moieties) before and after its dispersion in water in a temperature range of 25-75 ℃ and by means of either a) sonication or b) mechanical stirring.

Fe(or Co)-N-C catalysts, in which Me-N x active moieties are imbedded in a carbonaceous support, are a promising class of non-precious metal catalysts (NPMCs), with prospects to replace Pt/C catalysts for oxygen reduction reaction (ORR) at the cathode of PEMFCs [25][26][27][28][29][30][31][32][33][34][35][36][37][38][39][40]. We find that both the sonication and stirring treatments induced subtle chemical modifications of the carbonaceous supports in the Fe-N-C catalyst, which led to a nonnegligible decay of its electrocatalytic activity (from ca. -15 to -65 % @0.8 V RHE ) in acidic medium. The extent of surface modification increased with increasing temperature, duration and number of repetition of the treatments. Since these modifications were observed on the model Fe-N-C catalyst and also on a commercial Fe-N-C catalyst (comprising both FeN x C y moieties and Fe particles) but not on a benchmark Pt/C catalyst, careful attention should be paid to the preparation of MEAs with cathodes based on Fe-N-C.

Experimental methods

Catalyst synthesis and wetting procedures

In order to explore the effect of wetting and dispersion conditions on the structure and activity of Fe-N-C catalysts, we selected Fe-N-C catalyst that is composed solely of organometallic single-metal-atom FeN x C y moieties and without detectable content of Fe aggregates (e.g., metallic Fe, carbide, oxide, etc.). This catalyst, prepared by us, has been characterized in several previous studies exploring various deactivation and degradation mechanisms of Fe-N-C catalysts [41][42][43][44]. It was synthesized by the pyrolysis of Fe II acetate, 1,10-phenanthroline (phen) and a zeolite imidazolate framework (ZIF-8, Basolite Z1200 from Sigma). The catalyst precursor (1 g), which contained Fe/phen/ZIF-8 in a mass ratio of 0.5/20/80, was ball-milled in a ZrO 2 crucible with 100 ZrO 2 balls (5 mm diameter) in a planetary ball-miller for four cycles of 30 min each at a rotation rate of 400 rpm. The homogenized powder was then pyrolyzed at 1050 ℃ for 1 h under an Ar atmosphere. The catalyst is henceforth labelled 'Fe 0.5 -NC'. Selected experiments were also performed on commercially available Pt/C (46 wt%, TEC10E50E, Tanaka) and Fe-N-C catalysts (Pajarito Powder; labelled 'Fe-N-C PP '

). The general synthetic approach of the latter catalyst is via silica-templating. A mesoporous silica powder is infiltrated with Fe, N and C precursors, pyrolyzed in inert gas and the silica template is then removed by acid treatment. This Fe-N-C catalyst comprises both FeN x C y moieties and Fe aggregates (e.g., metallic Fe, carbide, etc.; Fig. S1).

Deionized (DI) water was selected as the wetting solvent since it is present in most ink suspensions used for preparing catalyst inks for PEMFC MEAs. For the wetting treatment, the Fe-N-C catalyst (30 mg) was added to DI water (100 mL, Arium® mini Water System, Sartorius), and dispersed by only sonication or only mechanical agitation, at a fixed temperature. The range of temperature from 25 to 75 °C was explored. Sonication was carried out at an ultrasonic frequency of 40 kHz in an ultrasonic bath (UCP-10, Jeio Tech) with catalyst-containing solvent placed in a round bottom flask of 250 mL. Mechanical agitation was performed at a rotation speed of 1,000 rpm using a magnetic stirrer (diameter = 8 mm, length = 25 mm). After the treatment, the wetted catalyst was first dried in a forced convection oven (OF-12GW, Jeio Tech) at 70 ℃ for 3 h and then in a vacuum oven (OV-11, Jeio Tech) at 70 ℃ overnight. When the catalyst was wetted several times, the same number of drying step was followed after each wetting treatment. Depending on the conditions applied during the treatment, the samples are referred to as 'S x (yh-z)' or 'M x (yh-z)', where S and M denote sonication and mechanical agitation treatment, respectively. The x, y and z scalars correspond to the temperature (in ℃) during treatment, duration (in hour) and number of the treatments, respectively. To maintain the temperature of the ultrasonic bath close to room temperature, cooling tap-water (25 ℃) was continuously flowed through a copper tube heat exchanger in the bath, resulting after 10 minutes of sonication in a steady-state temperature of 29 ℃ (Fig. S2). To raise the temperature to a specific temperature between 35 and 75 ℃ during mechanical stirring, the catalyst suspension was heated by a heating mantle equipped with a reflux condenser to prevent liquid evaporation.

Electrochemical characterization

The electrochemical results were obtained using a modulated speed rotator (RRDE-3A, ALS) in a Teflon cell with a three-electrode system consisting of a graphite rod as the counter electrode and a saturated Ag/AgCl reference electrode (RE-1A, EC-Frontier). The electrolyte was 0.1 M HClO 4 , which was prepared from concentrated HClO 4 (70%, Aldrich). Prior to any electrochemical measurements, the Ag/AgCl reference electrode was calibrated against a Pt electrode immersed in H 2 -saturated 0.1 M HClO 4 electrolyte, acting as a reversible hydrogen electrode (RHE). For Fe-N-C catalysts (Fe 0.5 -NC and Fe-N-C PP ), the inks based on pristine or previously treated catalyst (sonication or mechanical agitation, as described in section 2.1) were prepared by dispersing 10 mg of catalyst in 804 μL of water and 80 μL of 5 wt% Nafion solution. Regardless of the catalyst nature, the ink suspension was then sonicated for 1 h in the ultrasonic bath at 29 ℃. Working electrodes were prepared by pipetting 5 L of the catalyst ink onto the glassy carbon disk (0.071 cm 2 ) of the rotating disk electrode (011169, ALS), resulting in a catalyst loading of 800 μg cm -2 for Fe-N-C materials. For the Pt/C catalyst, Pt loading on the working electrode was set to 20 μg Pt cm -2 . The catalyst loaded electrode was dried in a convection oven at 35 ℃ for 30 min. The ORR polarization curve was recorded at a 10 mV s -1 scan rate and a 900 rpm rotation speed in an O 2 -saturated electrolyte. For all catalysts, ORR polarization curve measured at a negative-going scan was selected. To remove the non-Faradaic capacitance current density, polarization curve measured using the same procedure but in an Ar-saturated electrolyte was subtracted from the result. The kinetic current density was estimated using the Koutecky-Levich equation; i.e., 1/j = 1/j k -1/j d , where j k and j d are the kinetic and diffusion current densities, respectively. Electrochemical reduction of the carbon surface was performed with a M 45 (1h-3) sample, which exhibited the highest activity decay among the water-treated samples. Cyclic voltammetry (CV) was applied in a potential range from 0 to -1.6 V Ag/AgCl for 100 cycles with a scan rate of 100 mV s -1 in an Ar-saturated 0.5 M NaCl electrolyte [45]. 57 Fe Mössbauer spectroscopy was used to characterize various iron species in Fe-N-C PP .

Physical characterization

The measurements were carried out with a γ-radiation source of 57 Co-Rh and a NaI scintillation detector at room temperature. X-ray photoelectron spectroscopy (XPS) was carried out using a K-Alpha (Thermo Scientific) instrument equipped with a micro-focused Al K α monochromator X-ray source and a 180° double-focusing hemispherical analyzer. Xray diffraction (XRD) patterns were acquired using an X'Pert PRO (Malvern Panalytical) with Cu K α X-ray radiation generated at 40 kV and 40 mA. Raman scattering was detected using a Nicolet Almega XR (Thermo Scientific) equipped with a CCD detector. A 532 nm laser beam with a ×10 magnification objective was used. The acido-basicity of the catalyst's surface was determined by dispersing 40 mg of a catalyst in 30 mL of a pH 6 aqueous solution (pH i ); the pH was adjusted using a mixture of 0.1 M H 2 SO 4 and 0.1 M KOH. The solutions were kept saturated with Ar throughout the experiment. The pH was recorded using a pH meter, and the final pH (pH f ) was recorded when the pH value became steady with time.

To compare the acido-basicity of the wetted samples relative to the pristine Fe-N-C catalyst, we used the expression ΔpH f = pH f (wetted Fe-N-C catalyst) -pH f (pristine Fe-N-C catalyst).

A negative ΔpH f value would thus indicate more acidic surface after treatment. The zeta potentials of the catalysts were recorded using a Zetasizer Nano ZS (Malvern) with a 4 mW-633 nm He-Ne laser. Before the measurements, 5 mg of the catalyst was dispersed in a 0.1 M HClO 4 solution (7.5 mL), and the suspensions were then ultra-sonicated to prevent the agglomeration of the catalyst particles. An aliquot (ca. 150 μL) of the suspension was placed into a glass cell. The zeta potential of each sample was recorded more than six times, and the average value of all the measurements was determined.

Results and discussion

ORR activity of the Fe-N-C catalyst after wetting treatments

We first investigated the effects of sonication of the Fe-N-C suspension on its ORR activity without using temperature control in the sonication bath (i.e., no heat exchanger tube). This uncontrolled condition, which is typically used in catalyst ink preparation, induced vibrational motion of the water molecules and increased the temperature of the sonication bath to 55 ℃ after 3 h of operation (Fig. S2). Figure 1 shows the ORR polarization curves of Fe 0.5 -NC before and after 2 h of sonication in DI water without temperature control. The j k value measured at 0.8 V RHE was ca. 3.2 mA cm -2 for the pristine Fe 0.5 -NC, but it decreased to ca. 1.6 mA cm -2 after the treatment (Fig. 1a). In spite of this non-negligible drop in the ORR activity, the rate-determining step (RDS) was unchanged after the treatment, as revealed by the similar Tafel slopes of ca. 63-66 mV dec -1 before and after treatment (Fig. 1b). These preliminary results represent that the typical agitation method used in catalyst ink preparation can negatively affect the intrinsic ORR activity of the Fe-N-C catalysts. Sonication treatment involves acoustic cavitation, and therefore generates vibration and heat energy. This could possibly lead to the dissociation of water molecules into hydrogen (•H) and hydroxyl radicals (•OH) [14,[46][47][48][49], which in turn can induce chemical reactions on the Fe-N-C surface. To determine whether the activity decay after the treatment was provoked by radical species or by simple wetting with DI water, the ORR activities of Fe-N-C catalysts treated using either sonication or stirring (i.e., mechanical agitations) in DI water for 1 h were compared. In both conditions, the suspensions were maintained at a temperature of 29 ℃, which was the equilibrium temperature of the sonication bath in the presence of the copper tube heat exchanger (Fig. S2), to exclude incidental thermal effects on the ORR activity. As can be seen in Fig. 2a, the j k values at 0.8 V RHE of the treated Fe 0.5 -NC, i.e., S 29 (1h-1) and M 29 (1h-1), were lower than that of the pristine Fe 0.5 -NC by ca. 1.2 mA cm -2 .

The decay in their ORR activity was almost identical for both treatment methods. This result indicates that wetting with water and subsequent drying (rather than radical formation) was the primary cause of the ORR activity loss of the Fe-N-C catalysts in these experimental conditions. We thus conducted further studies on the effects of wetting and drying on the ORR activity of Fe 0.5 -NC using mechanical stirring in water (Fig. S3). Fig. 2b shows the changes in the ORR activity after conducting the wetting treatments at various temperatures. The duration of the treatment was set to 1 h. As the temperature was increased, the extent of the decline in the activity (∆j k at 0.8 V RHE ) increased by ca. 1.4 mA cm -2 ; no further activity loss was found for a 1 h single treatment at temperatures higher than 45 ℃. The duration and number of treatments were also found to influence the ORR activity decay of Fe 0.5 -NC (Figs. 2c andd).

When the treatment duration and/or the number of treatments increased, the ORR activity of Fe 0.5 -NC decreased. Other typical solvents for ink preparations (e.g., ethanol and isopropyl alcohol) also resulted in performance drops similar to that caused by water (Fig. S4).

Furthermore, this deactivation was also observed for the commercial Fe-N-C PP (Fig. S5), that comprises not only FeN x moieties but also core-shell Fe and Fe 3 C particles surrounded by graphene shell (Fig. S1). This deactivation in conditions of ink preparation thus seems to be specific for the Fe-N-C catalysts, and was not observed on commercial carbon-supported Pt nanoparticles (Fig. S5a). 

Physicochemical changes in the Fe-N-C catalyst after the wetting treatments

We utilized various physicochemical characterization techniques to understand why the wetting of Fe-N-C catalysts with DI water decreases their ORR kinetics. The series of M 25 (1h-z) and M 45 (1h-z) samples (z = 1, 2 and 3) was used for the characterizations due to the incremental changes in their ORR activity. The XRD patterns of the pristine and treated Fe 0.5 -NC all showed two broad peaks at ca. 24° and 44°, which corresponded to the (002) and (101) planes of graphite (Fig. 3a). The XRD signals of the catalysts did not exhibit significant changes, regardless of the wetting treatments applied. Similarly, their Raman spectra revealed almost identical D (at ca. 1350 cm -1 ) to G (at ca. 1590 cm -1 ) band intensity ratios (I D /I G = ca. 0.96 ± 0.04) for all the samples (Fig. 3b). Therefore, the XRD and Raman spectra indicated that the modifications in the bulk carbon structure of the catalysts induced by simple wetting treatments were negligible. Other possible chemical changes were further studied with XPS (Fig. 4), which is more sensitive to surface changes than the two techniques above. However, the changes to the N 1s and O 1s signals after the wetting treatments were also insignificant (Figs. 4a-d), and the spectra of the various signals were nearly identical. The nitrogen and oxygen contents normalized by carbon content (i.e., N/C and O/C at%) were within the range of ca. 6.5 ± 0.5 at% for N/C and 6.5 ± 0.6 at% for O/C (Fig. 4e). While the changes in the chemical composition near the catalyst surface seem to be negligible and within the experimental error range of ca. 1 at%, we could not fully rule out marginal modifications of the surface chemistry of the Fe-N-C catalysts. For instance, we observed the activity recovery after electrochemical reduction of M 45 (1h-3) sample (showing the highest activity loss among the water-treated samples, Fig. S6). This activity recovery was previously reported on Fe-N-C catalysts with abundant surface-oxygen functional groups introduced by acidic H 2 O 2 treatment [44]. Hence, we further measured the surface basicity of the treated Fe 0.5 -NC to clarify the changes in surface chemistry of Fe 0.5 -NC during wetting treatments. The surface basicity (i.e., ∆pH f ) of Fe 0.5 -NC, which has been suggested as a descriptor of their ORR kinetics [50], changed by ca. -0.5 after simple wetting treatment at 25 and 45 ℃ (Fig. 5). In our previous study, significant ORR activity decrease was observed for Fe 0.5 -NC and also for a similarly prepared catalyst (with twice higher Fe content) after oxidative H 2 O 2 treatment [44]. The performance drop was correlated to changes in the surface chemistry, namely, a substantial decrease in the basicity, i.e., a ∆pH f of ca. 

Zeta potential measurements of the Fe-N-C catalyst after the wetting treatments

To evaluate the surface modifications more precisely, the zeta potential of the Fe-N-C catalyst after the wetting treatments was also measured. Zeta potential (ζ) is the electric potential at the solid-liquid interface, and is strongly affected by the composition of the outermost surface of the solid material as well as by the pH of the solution [51][52][53][54][55]. Therefore, this method has been widely used to measure the surface functionality of carbonaceous materials, such as their acidity and basicity [53,56,57]. Figure 6a shows the zeta potential of Fe 0.5 -NC before and after wetting treatment at 25 or 45 ℃. All the measurements were performed in a 0.1 M HClO 4 solution. The pristine Fe 0.5 -NC exhibited a positive zeta potential value of ca. 3 mV. After the wetting and drying steps, however, all the treated catalysts exhibited values lower than zero. The zeta potential shifted to more negative values as either the treatment temperature or the number of treatments was increased. Therefore, this suggests that the wetting treatment induced a negative charge on the surface of the Fe-N-C catalysts. In general, the introduction of oxygen-containing functional groups increases the acidity of carbon materials, while nitrogen functional groups increase their basicity [58][59][60][61]. However, the failure to observe modifications in the functional groups in the XPS-N 1s and O 1s spectra led us to surmise that the changes in the surface composition induced by the wetting treatments are very small. While the gradual modification of the surface charge after the different conditions applied during the wetting treatment could be clearly discerned in the zeta potential measurements, the variations (from 3 to -12 mV) were smaller compared to that observed for carbon materials functionalized with acidic groups via oxidative treatments such as HNO 3 treatments leading to |∆ζ | > 20-30 mV, as measured in acidic pHs [62,63].

However, this inconspicuous change in the surface basicity of the Fe-N-C catalysts resulted in non-negligible ORR activity losses (Fig. 2), and a positive correlation was observed between the ORR activity and the zeta potential at pH = 1 (Fig. 6b). This correlation suggested that the ORR activity of the active FeN x C y moieties could be modulated by the basicity/acidity of the surrounding carbon surface, as has previously been reported for NH 3or H 2 O 2 -treated Fe-N-C materials, increasing the basicity and acidity, respectively [44,50,64,65].

Conclusions

In conclusion, we showed that modifications of the surface occurring during wetting and subsequent drying process of Fe-N-C catalyst powders can lead to a non-negligible decrease in their ORR activity, depending on the sonication or mechanical agitation conditions. The conditions investigated here mimicked those typically employed during ink preparation for MEA fabrication. While ex situ XPS analyses did not reveal significant differences in the oxygen and nitrogen elemental content nor in the type of functional groups in Fe 0.5 -NC, which typically determine the surface acido-basicity of carbon materials, the modifications of Fe 0.5 -NC surface after the treatments could be measured by ∆pH f and more precisely by zeta potential analyses. The ORR activity drop was magnified with increasing temperature, duration and number of repetitions applied during the mechanical agitation or sonication treatments. Observed on Fe-N-C catalysts comprising FeN x C y moieties but not on a commercial Pt/C catalyst, we can surmise that the site-specific activity of FeN x C y active moieties is strongly influenced by the surface chemistry of the carbonaceous support in which they are embedded. These findings imply that careful attentions should be paid to the methods and experimental conditions used for preparing Fe-N-C inks for RDE and/or PEMFC measurements, in order to avoid premature aging and ORR activity discrepancy from laboratory to laboratory for a same sample.

Fig. 1 .

 1 Fig. 1. (a) ORR polarization curves and (b) Tafel plots of the Fe 0.5 -NC before and after 2 h of sonication in DI water without temperature control. After sonication, the catalyst powder was dried in an oven and re-dispersed to prepare the ink suspension. The electrochemical responses were measured in an O 2 -saturatred 0.1 M HClO 4 electrolyte with a scan rate of 10 mV s -1 and a rotation speed of 900 rpm.

Fig. 2 .

 2 Fig. 2. ORR kinetic current density measured at 0.8 V RHE before and after wetting treatment using different conditions for Fe 0.5 -NC: (a) different wetting methods (mechanical agitation, M vs. sonication, S); mechanical agitation (b) at temperatures from 25 to 75 ℃, (c) for different combinations of temperature (25 or 45 °C) and duration (1 h, 3 h or 5 h) and (d) for different combinations of temperature (25 or 45 °C) and numbers of treatments (1, 2 or 3).

Fig. 3 .

 3 Fig. 3. (a) XRD patterns and (b) Raman spectra of Fe 0.5 -NC before and after wetting treatment at 25 and 45 °C. The catalyst was wetted through mechanical agitation in water for 1 h, and the number of treatments was varied.

Fig. 4 .

 4 Fig. 4. High resolution XPS spectra of Fe 0.5 -NC before and after the treatments. Different numbers of wetting treatments were conducted at (a, b) 25 and (c, d) 45 °C. The catalyst was

  -1.5 to -2.5 depending on the H 2 O 2 treatment temperature. The much smaller changes in ∆pH f observed in the present study imply that the wetting treatment in pure DI water led to much subtle modification of the surface of the Fe-N-C catalysts compared to the case of H 2 O 2 treatment in acidic medium. It can thus be speculated that this small modification was difficult to be identified with XPS but was reflected in the change of ∆pH f values for the M 25 (1h-z) and M 45 (1h-z) samples (z = 1, 2 and 3), although the extent of the changes was not clearly differentiated.

Fig. 5 .

 5 Fig. 5. Surface basicity changes (∆pH f ) for Fe 0.5 -NC after mechanical agitation in DI water.

Fig. 6 .

 6 Fig. 6. (a) Zeta potential values of the pristine and water-treated Fe 0.5 -NC measured in 0.1 M HClO 4 solution and (b) the correlation between the ORR activity and zeta potential. The ORR activity was quantified using the kinetic current density j k at 0.8 V RHE .
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