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Abstract 19 

The performance of Platinum Group Metal-free (PGM-free) catalyst layers suffers from 20 

mass transport limitations due to the thickness required to achieve sufficiently high 21 

loading to match the performance of the Pt-based electrodes. A more detailed 22 

understanding of the PGM-free electrode structure is of a great importance to further 23 

improve their performance, but the nano-scale structure presents a challenge. In the 24 

present study, non-PGM catalyst was synthesized by the sacrificial support method and 25 

the electrospraying technique was used to fabricate catalyst layer electrodes.  Electrodes 26 

with substantially different structural properties were obtained by varying the 27 

electrospraying parameters such as ink flow rate and the distance between the needle 28 

and the substrate. A wide range of structural properties of these non-PGM electrodes 29 

were experimentally measured, including thickness, porosity, pore size distribution, 30 

specific surface area, and the mass transport characteristics in the form of tortuosity. In 31 

general, the non-PGM catalyst layers fabricated by the electrospraying technique had 32 

much lower tortuosity than conventional catalyst layers due to a combination of highly 33 

porous structure and larger inter-agglomerate pores reducing the impact of the Knudsen 34 

effect.  Geometric tortuosity was also obtained by adjusting the measured effective 35 

diffusivity values to remove the Knudsen effect and it was found that electrosprayed and 36 

conventional layers follow a similar trend with porosity. 37 
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1. Introduction 38 

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are an essential part of a 39 

renewable energy economy [1]. PEMFCs are particularly appealing for transportation 40 

applications because of their fast-refueling time, and long driving range per fuel charge. 41 

PEMFC powered vehicles are now produced at the commercial scale by some of the major 42 

automotive companies (i.e. Hyundai, Honda, Toyota). Despite the great progress on the 43 

development of PEMFC technology, the price is still the major barrier for wider adoption 44 

of the FC powered vehicles. The Toyota 2020 Mirai base model is priced 58,550 USD 45 

whereas the prices of other Toyota mid-sized sedans range from 24,000~28,000 USD [2]. 46 

One of the primary reasons for the high cost is the use of precious platinum (Pt) catalyst 47 

in both anode and cathode. According to a report by the Department of Energy (DOE) in 48 

2017, Pt can make up as much as 40% of the total manufacturing cost [3]. Pt is primarily 49 

used in the cathode to make up for the sluggish kinetics of the oxygen reduction reaction 50 

(ORR). 51 

The high cost of Pt had inspired the development of highly active nano-structured Pt-52 

based electrocatalysts, such as Pt-alloy [4–7] and core-shell [8–15] catalysts, and more 53 

recently, shape controlled nanocrystals [16–18] and nanoframes [19–21]. Despite this 54 

progress, the Pt catalyst loading must still be further reduced for FC technology to become 55 

economically competitive with the conventional internal combustion engine [22]. An 56 

alternative path to reduce cost would be to completely replace Pt with non-precious 57 

group metal (non-PGM) catalysts. Fe-N/C catalyst is a promising class of non-PGM catalyst 58 

which was discovered by Jasinski [23] in 1964 and improved by others over the ensuing 59 
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decades [24,25]. Especially, the breakthrough made by Gupta el al. [25] in 1989, where 60 

they synthesized a PGM-free ORR catalyst by heat-treating a mixture of metal salts (i.e., 61 

Co(II) or Fe(II)), polyacrylonitrile (PAN) and high surface area carbon, gave researchers 62 

much flexibility in designing the novel non-PGM catalysts [26–30]. 63 

Currently, the state-of-the-art Fe-N/C catalysts give performance comparable to 64 

conventional Pt/C catalyst layers (0.2 – 0.4 mg /cm   loading) tested under air at the 65 

loading around 2 – 4 mg /cm  when tested under pure oxygen [31]. Proietti et al. [27] 66 

achieved a peak power density of 0.91 W/cm   after careful optimization of the heat 67 

treatment conditions for iron acetate/phenanthroline/zeolitic imidazolate framework-68 

derived catalyst. Shui et al. [32] also achieved a similar power density, i.e., around 69 

0.9 W/cm , with carbon-fiber based Fe-N/CF catalyst prepared via electrospinning with 70 

Tri-1,10-phenanthroline iron(II) perchlorate (TPI) and ZIFs, a subgroup of metal-organic-71 

framework (MOF). Cyanamide-Polyaniline based Fe-N/C catalyst prepared by Chung et al. 72 

[33] exhibited peak power density of around 0.94 W/cm  . Recently, Uddin et al. [34] 73 

reported a record high peak power density with 1.14 W/cm  by optimizing the primary 74 

particle size of the MOF-derived Fe-N/C catalyst. The accurate control of the primary 75 

particle size allowed the investigation of the relationship between the catalyst particle size 76 

and the quality of the ionomer infiltration which was, in turn, used to optimize the proton 77 

and reactant transport. All of the above tests, however, were done under pure oxygen and 78 

the peak power density under air is reported to be much lower, ranging from 0.2  to 79 

0.6 W/cm   [29,30,35–39]. This indicates that the non-PGM electrodes suffer severely 80 

from mass transport limitation due to the excessive thickness required to obtain a 81 
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sufficient catalyst loading. 82 

Optimizing the electrode structure to improve the transport processes is a major 83 

challenge for adoption of non-PGM catalyst layers and requires a thorough understanding 84 

of morphological features across many scales (i.e., from nano- to micro-scale). With the 85 

recent advances in imaging techniques, many of the structural and transport properties 86 

of the non-PGM catalyst layers have been resolved with various imaging techniques 87 

[37,39–41]. However, it is still difficult to resolve the material structure at multiple scales 88 

due to the trade-off between resolution and field of view. It is evident that experimental 89 

approaches are still the best path to characterize the morphologically dependent 90 

transport properties such as tortuosity. In the present study, non-PGM electrodes are 91 

fabricated by electrospraying under a variety of conditions to obtain different structures 92 

and morphologies. The structural and mass transport characteristics of these non-PGM 93 

electrodes were then examined experimentally by measuring thickness, porosity, pore 94 

size, specific surface area, and in-plane effective diffusivity [42]. The diffusivity was then 95 

further analyzed to extract the tortuosity, which is generally considered a structural 96 

parameter, from the measurement which was significantly impacted by Knudsen diffusion.  97 

The Bosanquet equation was used to account for the Knudsen effect and to evaluate the 98 

tortuosity from the in-plane effective diffusivity. It was shown that the electrospraying 99 

technique had the ability to create non-PGM electrodes with distinctive structural 100 

properties with relatively simple adjustments to the operating conditions, and most 101 

importantly, electrodes had high porosity and low tortuosity compared to conventionally 102 

produced layers, which is expected to be essential for the success of non-PGM catalysts. 103 
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2. Experimental 104 

2.1. Material Production 105 

2.1.1. Catalyst Synthesis and Ink Preparation 106 

Iron-Nicarbazin (Fe-NCB) electrocatalysts were prepared by the sacrificial support 107 

method (SSM) [29,30]. In short, the precursors including nicarbazin (12.5 g, Sigma-Aldrich), 108 

silica (2.5 g, LM-150, Cabot; 2.5 g, Ox-50, Evonik; 1 g, Stöber Spheres, home-made) and 109 

iron nitrate (1.2g, Sigma-Aldrich) were mixed in water. The water in the suspension was 110 

slowly allowed to evaporate until a gel was formed. The gel was then completely dried 111 

and the remaining solid was ground initially by a mortar and a pestle and subsequently by 112 

a ball mill, for 30 min, at 45 Hz. The solid mix of precursors was subjected to a first pyrolysis 113 

at 975 °C, under a 7% H2 after atmosphere. Then, the silica particles were etched out with 114 

40% HF for 4 days. The etched precursors were washed until the effluent had a neutral pH, 115 

then were subjected to a second pyrolysis at 950 °C for 30 min. After the second pyrolysis, 116 

the resulting electrocatalysts were ball-milled for 1 hr. More detailed synthesis parameters 117 

can be found elsewhere [29,30]. 118 

The catalysts were made into inks by first mixing Fe-NCB electrocatalysts and 5 wt% 119 

Nafion™ dispersion in isopropyl alcohol (IPA). 5 wt% Nafion™ dispersion was prepared by 120 

diluting 1000 EW 20 wt% Nafion™ dispersion (D2020, Fuel Cell Store, US) in IPA. The dry 121 

weight of Nafion™ was adjusted to be 45% of the total solid deposit and the catalyst to 122 

solvent ratio was 5 mg /mL  . The suspension was then subjected to 123 

sonication in an ice bath for 2 hours. 124 
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2.1.2. Preparation of the Catalyst Layers 125 

Different non-PGM electrodes were fabricated by the electrospraying technique which 126 

has the ability to create a variety of microstructures with relatively simple adjustments to 127 

the process [43–52]. The electrospraying technique has been used to fabricate 128 

conventional Pt/C catalyst layers over the last decade, however, it has never been applied 129 

to non-PGM catalyst. There are some reports suggesting the electrosprayed catalyst layers 130 

show better mass transport characteristics [51,52] which makes it an appealing deposition 131 

technique for non-PGM electrodes.  In the present work, operating parameters such as 132 

flow rate and the distance between the needle and the substrate, were varied in an 133 

attempt to correlate the electrode characteristics to their transport properties. 134 

The electrospraying setup was built in-house with a syringe pump (NE1000, New Era 135 

Pump Systems Inc.), a syringe stirrer (VP710D3, V&P Scientific Inc.) and a high-voltage 136 

power supply (MJ30P0400-11, Glassman) as shown in Figure 1. The conventional polarity 137 

configuration was used where the positive pole was connected to the capillary needle and 138 

the conductive substrate was grounded. The high voltage power supply was remotely 139 

controlled via multifunctional I/O device (USB-6001, National Instruments). To ensure a 140 

homogeneous deposition, a custom-built XY moving stage was used. A conductive 141 

aluminum plate was installed on the moving stage.  In order to collect a smooth catalyst 142 

layer, it was deposited on a 175 𝜇m  thick Indium-Tin-Oxide coated Polyethylene 143 

Terephthalate (ITO/PET) layer. Due to PET’s sturdiness and smooth surface, it provided 144 

several advantages in handling and characterizing the samples compared to the typically 145 

used aluminum foil. The entire electrospray system was automated via LabVIEW to control 146 
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the rastering speed and path, pump flow rate, and power supply voltage. The catalyst ink 147 

was deposited onto the substrate in a serpentine pattern, alternating between the 148 

horizontal and the vertical direction for a homogeneous coating, at a speed of 15 mm/s 149 

with 0.5 mm pitch. The ink flow rate (𝑄) and the needle-to-substrate distance (𝑑) were 150 

varied for the present study and the applied voltage was adjusted until the droplet at the 151 

needle tip formed a Taylor cone for the stable cone-jet mode. The initial study plan was 152 

to include the impact of the applied voltage on the microstructure of the catalyst layer, 153 

however, only a relatively narrow range of voltages allowed a for stable cone-jet operation, 154 

so this parameter was not flexible. For the present study, the applied voltage ranged from 155 

3.50~4.50 kV, which was determined on a case by case basis to establish a stable cone. 156 

The catalyst loading was checked by measuring the initial and the final weight of the 157 

sample assuming that the ink stayed homogeneous throughout the deposition. This was 158 

a fair assumption since the ink was ultrasonicated for 2 hours prior to the deposition and 159 

was also stirred throughout the whole deposition process. The studied electrospraying 160 

parameters and the weight-based catalyst loadings are summarized in Table 1. 161 

2.2. Electrode Characterization 162 

2.2.1. Porosity and Thickness 163 

The porosity of each electrode sample was measured using the buoyancy method 164 

[53,54]. The method essentially uses the Archimedes’ principle to obtain the skeletal 165 

density of the sample from the missing mass between the dry and the submerged weight 166 

in a highly wetting fluid. The samples were dried at 105℃ for at least 12 hours prior to 167 
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the measurement to remove any water residing in the pore space. The samples were then 168 

further dried under vacuum at room temperature before being saturated with the wetting 169 

fluid. For the current study, 5 cSt silicone oil (Clearco Products Co., Inc., US) was used as 170 

the wetting fluid. 171 

To obtain the bulk volume of the catalyst layer samples, the thicknesses of the samples 172 

were measured using a micrometer with 1 𝜇m  resolution with ± 0.1 𝜇m  readout 173 

resolution. The micrometer was equipped with friction clutch to ensure the sample was 174 

always compressed to the same amount of force. The thickness of the substrate was 175 

measured before the deposition. The substrate was quite smooth and consistent with the 176 

average thickness of 175 𝜇m  and the deviation of ± 1 𝜇m . The sample thickness was 177 

calculated by subtracting the thickness of the substrate from the total thickness.  178 

Since the catalyst layer samples were in two layers (catalyst layer + substrate), Eq. [1] 179 

was used to calculated the actual porosity of the catalyst layers assuming that the 180 

substrate was essentially non-porous: 181 

 𝜀 = 𝜀 ⋅
𝛿

𝛿
 [1] 

where 𝜀  is the actual porosity of the electrode layer, 𝜀  is the overall porosity 182 

of the electrode and the substrate measured by the buoyancy method, 𝛿   is the 183 

thickness of the electrode and the substrate combined and 𝛿  is the thickness of the 184 

electrode sample only. 185 

 The porosity measured by the buoyancy method was cross-checked by calculating the 186 

theoretical porosity based on the ink composition. The composition-based porosity was 187 

estimated using the following relations: 188 
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 𝜀 =
𝑚

𝛿
⋅

1

𝜌
 [2] 

 𝜀 =
𝑚

𝛿
⋅

𝑦

(1 − 𝑦 )𝜌
 [3] 

 𝜀 = 1 − 𝜀 − 𝜀  [4] 

where 𝜀 is the volume fraction of each phase, 𝜌 is the density, 𝑚  is the catalyst loading, 189 

𝛿 is the thickness of the catalyst layer and 𝑦  is the Nafion loading. The subscripts 𝑆, 𝑁 190 

and 𝑉 denote solid (catalyst), Nafion and void, respectively. The density of the non-PGM 191 

catalyst was measured by gas pycnometer (Ultrapyc 5000 Micro, Quantachrome, US) using 192 

helium as the working gas. The measured density of the non-PGM catalyst was 193 

2.326 g/cm  and 2.0 g/cm  was used as the density of the Nafion™ [55]. 194 

2.2.2. Pore Size Distribution 195 

The pore size distributions of the samples were estimated by mercury intrusion 196 

porosimetry (PoreMaster® 33, Quantachrome, US). First, the cumulative intrusion curve 197 

as a function of capillary pressure was obtained and smoothed by weighting each point 198 

by its neighboring points (4% of the data). Next, the obtained capillary pressure was then 199 

converted into an approximate pore size using the Washburn equation: 200 

 𝑑 = −
4𝛾 cos 𝜃

𝑃
 [5] 

where 𝑑  is the pore diameter estimated by the Washburn equation, 𝛾 is the surface 201 

tension of mercury (Hg), 𝜃  is the contact angle of Hg and 𝑃   is the capillary pressure. 202 

0.485 N/m was used for the surface tension and 140° was used for the contact angle. 203 

Finally, the cumulative intrusion curve was normalized by the total intruded volume and 204 
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its derivative was used to obtain the pore size distribution, i.e., 205 

 
𝑑𝑋

𝑑 ln(𝑟)
=

1

𝑉

𝑉(𝑟) − 𝑉(𝑟 − 1)

ln(𝑟) − ln(𝑟 − 1)
 [6] 

where 𝑋  is the normalized volume, 𝑟  is the pore radius, and 𝑉(𝑟)  is the cumulative 206 

intrusion at 𝑟. 207 

When performing the mercury intrusion for thin nanoporous electrodes, such as fuel 208 

cell catalyst layers, often mercury intrusion is observed during the filling process in the 209 

low pressure station [54,56]. This is attributed to the presence of a void space either 210 

between the samples themselves or between the sample and the wall of the 211 

penetrometer. To avoid this problem, the non-PGM electrodes were made into three strips 212 

of 70 mm x 9 mm and were loaded into the penetrometer in a triangle shape, the 213 

substrate side facing the wall of the penetrometer.  214 

2.2.3. Specific Surface Area 215 

For the specific surface area, 𝑁  sorption experiments were performed at 77 K using 216 

a Gemini VII surface analyzer (Micromeritics, US). All samples were cut into a known shape 217 

which weighed ~200 mg. They were then cut into smaller pieces to fit into the glass tube. 218 

The samples were pre-conditioned by purging dry 𝑁  gas for at least 12 hours at 105℃. 219 

The specific surface areas were calculated from the standard Brunauer-Emmett-Teller 220 

(BET) equation in the range of 0.05~0.30 𝑝/𝑝 . The specific surface areas are typically 221 

reported in the unit of m /g . Although, this is useful for materials such as catalysts 222 

themselves, it is not very informative for electrode samples. The more relevant metric for 223 

the catalyst layer samples would be the surface area per unit volume or per unit area of 224 
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the catalyst layer. Therefore, the specific surface areas were converted into m /m  and 225 

m /m  in this work, using the known geometric properties of the samples. 226 

2.2.4. In-Plane Effective Diffusivity 227 

The radial in-plane effective diffusivity, 𝐷  , of the electrosprayed non-PGM catalyst 228 

layers were measured using the technique developed and validated previously [42]. This 229 

technique was designed to be applied to thin layers, and has been proven to provide 230 

accurate results quickly and simply. Briefly, a porous electrode sample is cut in a thin disk 231 

and sandwiched between two cylindrical pedestals. The sample is initially flushed with 𝑁  232 

to create 𝐶 = 0  inside the microstructure of the porous sample. Once the sample is 233 

completely filled with N2 gas, the boundary conditions are changed by flowing air past the 234 

outer radius so 𝑂  is allowed diffuse into the microstructure of the porous sample. The 235 

𝑂  concentration is measured using a high-speed fiber optic oxygen probe (OXR430-UHS, 236 

PyroScience GmbH, Germany) at the center of the sample. The benefit of this technique 237 

is that it does not require any gasket [57–59] which makes it particularly suited for thin 238 

porous materials such as catalyst layers.  The resulting data is in the form of oxygen 239 

concentration vs time.  The effective diffusivity of the sample can be obtained by fitting 240 

the experimental oxygen vs time data to Fick’s second law with the effective diffusivity as 241 

a fitting parameter. For the present paper however, this was taken one step further to 242 

separate the structural tortuosity and the Knudsen effect, as discussed later. 243 
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3. Results and Analysis 244 

3.1. Morphology, Thickness and Porosity 245 

The SEM images of the electrosprayed PGM-free catalyst layers are shown in Figure 2. 246 

In general, the morphology of the electrosprayed layers looked less dense when produced 247 

with the slower flow rate and became more compact as the flow rate was increased. No 248 

difference was visually observed between samples with different distances. 249 

Since the thickness of the catalyst layer is a function of the catalyst loading, the total 250 

thickness was normalized by the actual catalyst loading in Table 1. Figure 3 shows the 251 

normalized thicknesses of the electrosprayed non-PGM catalyst layers under various flow 252 

rates and distances. The thickness of the electrosprayed PGM-free catalyst layers with 253 

3.0 mg/cm   target loading ranged from 80  to 270 𝜇m  depending on the operating 254 

parameter. As an indication that the electrospraying technique is indeed creating more 255 

porous layers, their thickness is generally higher than non-PGM layers made by 256 

conventional means. This was also observed by Takahashi et al. [51] where the Pt-based 257 

catalyst layer always resulted in a thicker layer with electrospraying technique compared 258 

to the pulse spray coating. Workman et al. [29,30] prepared the non-PGM catalyst layers 259 

with the same type of non-PGM catalyst using an ultrasonic nozzle and reported a 260 

thickness of  around 75 𝜇m  with 3 mg/cm   loading. Baricci et al. [60], also fabricated 261 

catalyst layers with the same type of catalyst, but with a spray gun and they reported 262 

much thicker layers with the thickness of 261 𝜇m with the catalyst loading of 4 mg/cm . 263 

Assuming the thickness increases linearly with the catalyst loading, this would correspond 264 

to approximately 200 𝜇m -layer with 3 mg/cm   loading. Clearly the thickness of the 265 
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catalyst layer is a strong function of the deposition method. In the study of Workman et 266 

al. [29,30], they used a high flow rate (i.e. 1 mL/min) suggesting that the deposited layer 267 

was not necessarily dry and the solvent needed to evaporate afterwards. During solvent 268 

evaporation, the tensile stress caused by the capillary force may have pulled the catalyst 269 

particles closer together, creating more compact and thinner structure. In the electrospray 270 

deposition, however, the solvent is expected to dry in flight and only relatively dry solid 271 

would collide into the substrate causing a thicker and less compact layer. This is illustrated 272 

in Figure 4. The trend is clear from Figure 3, where the thickness generally decreases with 273 

increasing flow rate. This hypothesis is also supported by the SEM images in Figure 2. 274 

However, the trend was not as clear with the needle-collector distance (𝑑). By the same 275 

logic, it would be expected that as the distance gets larger, the thickness would increase 276 

because the solvent would have more time to evaporate. Although, this trend was more 277 

or less followed when the flow rates were 0.75 and 1.0 mL/hr, when the flow rate was 278 

0.50 mL/hr, the thickness of the catalyst layer was thicker when the distance was 3.0 cm 279 

compared to when the distance was 5.0 cm. This may indicate that 3.0 cm was enough 280 

for the droplet to completely dry with the slowest flow rate (0.5 mL/hr).  281 

Figure 5 shows the porosity of the electrosprayed PGM-free catalyst layers. There is 282 

only limited information available on the porosity of the PGM-free catalyst layers in the 283 

literature, however the packing of nanoparticles with impregnated Nafion™ typically 284 

results in 40 to 70% porosity [54,56,61]. In Figure 5, the porosity of the electrosprayed 285 

catalyst layer was as high as 85% showing its ability to create highly porous structure which 286 

is expected to be beneficial for reactant transport. By the same reasoning as the analysis 287 
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of the thickness above, the porosity generally increased with the decreasing flow rate. 288 

Figure 6 shows the comparison between the porosity obtained by the buoyancy method 289 

and the porosity calculated based on the ink composition. The two values were generally 290 

in good agreement. 291 

In summary, the electrospraying process resulted in layers that, for the same catalyst 292 

loading, were up to 3 times thicker compared to other deposition techniques, such as air 293 

spraying and ultrasonic spraying. A low porosity catalyst layer is undesirable in PGM-free 294 

catalyst layers since it would worsen the already high mass transport resistance. The 295 

electrospraying technique can enhance mass transport by creating a more porous 296 

structure. 297 

3.2. Pore Size Distribution 298 

Figure 7 shows the capillary pressure curves (a – c) obtained from the mercury 299 

intrusion porosimetry (MIP) and the pore size distribution (d – f) calculated using the 300 

Washburn equation. All catalyst layer samples show a bimodal distribution with a sharp 301 

peak at 5 − 10 nm, and a wide peak spanning a range of 10 nm to 1 𝜇m. The first peak, 302 

around 7 nm radius, is presumably due to the pores within the catalyst particles, while 303 

the second, wide pore region is due to the pores between the catalyst agglomerates in 304 

the catalyst layer.  305 

From the synthesis steps, the catalyst prepared by the sacrificial support method is 306 

expected to have a bimodal pore size distribution with one peak at 5 − 10 nm and the 307 

other one around at 70 nm, the latter being a result of the etched out Stöber spheres. 308 
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This was confirmed by conducting the gas sorption experiment of the non-PGM catalyst 309 

and calculating the pore size distribution of it using the BJH method, as shown in the left 310 

most figure in Figure 8. The pore size distribution obtained from MIP experiments does 311 

not show a clear peak at 70 nm. The suppression of the 70 nm peak can be attributed to 312 

the fact that the Nafion™ can intrude into the pores greater than 30 nm [62]. Since the 313 

MIP experiments were done on the catalyst layer samples, the pores formed from the 314 

etched out Stöber spheres are likely intruded by the Nafion™. Nafion™ cannot enter into 315 

~7 nm pores, therefore the smaller pores can still be clearly observed in the MIP results. 316 

The proposed electrode structure is shown in the right figure in Figure 8. 317 

From Figure 7, it is evident that there is no major difference in the 10 nm peak. This is 318 

expected since the electrodes have the same catalyst and Nafion™ loading. The slowest 319 

flow rate, 0.50 mL/hr  generally showed the highest macropore volume (i.e., at 1 𝜇m ). 320 

This coincides with the fact that the porosity increased as the flow rate was decreased 321 

because macropores contribute more to the porosity than the micro- or mesopores. 322 

Samples prepared at flow rate 1.0 mL/hr  with distance 5.0 cm  and 7.0 cm   showed an 323 

extra peak at ~200 nm . The extra peak could have been induced by poor Nafion™ 324 

coverage due to high flow rate, but further study is required to draw any firm conclusion. 325 

3.3. Specific Surface Area 326 

The specific surface area (SSA) of the catalyst itself and the catalyst layer samples were 327 

measured by the gas sorption experiment. The SSA of the Fe-NCB catalyst was around 328 

650 m /g which is similar to the reported value of the same type of catalyst [37]. Figure 329 
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9 shows the areal (a) and the volumetric (b) SSA of each catalyst layers samples. The areal 330 

SSA of the electrosprayed PGM-free catalyst layers were in the order of 10  m /331 

m . It is clear from Figure 9 that the samples made with the slowest flow rate had 332 

the highest areal SSA. For the flow rates 0.75 and 1.0 mL/hr, the areal specific surface 333 

area stayed more or less the same for all distances. The areal SSA generally increased from 334 

3.0 cm to 5.0 cm, however, the samples sprayed at 7.0 cm distance showed the lowest 335 

SSA. There seems to be a critical distance where the SSA can be increased, however, more 336 

study is required. 337 

Interestingly, when the thickness was considered (i.e. volumetric SSA), the SSA 338 

flattened out and no clear variation was visible between different flow rates. This can be 339 

an important consideration when optimizing the electrosprayed electrode since this 340 

means that the SSA is essentially independent of the flow rate assuming the distance is 341 

fixed. Therefore, when optimizing the electrospraying parameters, one can expect that 342 

the samples electrosprayed at the same distance would have similar activation loss and 343 

the mass transport losses in the electrode (i.e., H , e ,  reactants and product) are more 344 

important considerations. 345 

3.4. Effective Diffusivity 346 

Figure 10(a) shows 𝐷   for the electrosprayed samples fabricated under various 347 

conditions, with values ranging from 0.02 cm /s to 0.08 cm /s. The effective diffusivity 348 

values closely followed the porosity trend, with samples produced at slower flow rates 349 

showing higher effective diffusivity. This is expected since the effective diffusivity is known 350 
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to be strongly dependent on the porosity of the material. The measured effective 351 

diffusivity values are about an order of magnitude higher than the reported values for the 352 

conventional Pt-based catalyst layers [56,61,63–65]. This can be attributed to the fact that 353 

the electrosprayed PGM-free electrode had much larger secondary pores (inter-354 

agglomerate pores) than the conventional Pt-based electrodes. The reported peak value 355 

of the secondary pore radius of the Pt-based electrode is somewhere between 20 −356 

50 nm depending on the type of carbon support used and the deposition method [56,65–357 

67] whereas it is as high as 1 𝜇m for the electrosprayed PGM-free catalyst layers according 358 

to the MIP results. To illustrate this further the pore size distributions obtained for three 359 

different types of catalyst layers using MIP are compared in Figure 11. The Pt/C catalyst 360 

layers prepared by the inkjet printing technique [68,69], regardless of the type of the 361 

carbon support used, show maximum pore radii below 100 nm . In contrast, the 362 

secondary pores in the electrosprayed PGM-free catalyst layer are much larger so 363 

consequently the electrosprayed PGM-free electrode will have less Knudsen resistance. In 364 

addition, the higher diffusivity observed in the present electrosprayed samples can be 365 

partly attributed to the fact that they had higher porosity that those reported for 366 

conventional CLs. 367 

3.5. Tortuosity 368 

The effective diffusivity is an important transport property, but it depends on the 369 

operating conditions as well as the pore sizes of the material. The tortuosity, however, 370 

depends only on the morphology of the porous media. Once the tortuosity is obtained for 371 
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a particular material, it can be used to calculate the effective diffusivity of the material 372 

under any conditions, including the Knudsen regime.  In Table 2 the average pore diameter 373 

and the corresponding Knudsen numbers (Kn = 𝜆/𝑑 ) for all samples tested here are 374 

listed (𝜆  is the mean free path defined as 𝑘 𝑇/√2𝑃𝜋𝑑   where 𝑘   is the Boltzmann 375 

constant, 𝑇 is the temperature, 𝑃 is the pressure and 𝑑  is the effective diameter of the 376 

gas molecule). Since the Knudsen numbers fall between 0.1 and 10 the Knudsen resistance 377 

is present in all the experimental data.  Therefore, in order to obtain the true geometric 378 

tortuosity owing purely to the structure of the produced materials, this resistance must 379 

be removed from the measured effective diffusion values.  There are only a limited 380 

number of studies that have attempted to remove the Knudsen resistance from 381 

experimentally obtained values to produce a geometric tortuosity. Pant et al. [70] 382 

developed a diffusion bridge technique that could simultaneously measure the 383 

permeability and the Knudsen diffusivity of microporous layers which have similar 384 

structure and pore sizes to CLs [71,72]. They used the binary friction model to account for 385 

the Knudsen effect. Yu et al. [56] and Inoue et al. [63] used a simpler approach based on 386 

the Bosanquet equation. This latter approach was used in the present work to determine 387 

the geometric tortuosity for the electrosprayed catalyst layers.  388 

The standard definition of tortuosity is given as: 389 

 𝜏 = 𝜀 ⋅
𝐷 ,

𝐷
 [7] 

where 𝐷   is the experimentally observed effective diffusivity as discussed in the 390 

previous section, and 𝐷 ,  is the binary diffusivity of the diffusing species in open air.  This 391 
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definition of 𝜏 is denoted as observed since it is based on the uncorrected observed 𝐷  392 

values. Figure 10(b) shows the 𝜏  values computed using Eq. [7] as a function of porosity. 393 

This figure also shows the published results of Yu et al. [56] and Inoue et al. [63] for their 394 

conventional catalyst layers, and the observed tortuosity is notably higher than the 395 

electrosprayed materials.  Not only do the conventional materials have generally lower 396 

porosity, but their trend with porosity is offset substantially upwards compared to the 397 

electrosprayed materials, due to the higher Knudsen resistance present in their much 398 

smaller pores. 399 

The true geometric tortuosity (𝜏 ) of these materials was found by adjusting for the 400 

impact of the Knudsen resistance as follows: 401 

 𝜏 = 𝜀 ⋅
𝐷

𝐷
 [8] 

where 𝐷   is the prevailing gas diffusion coefficient in the experiment owing the 402 

combination of molecular diffusion and Knudsen effects, and was estimated using the 403 

Bosanquet equation: 404 

 𝐷 =
1

𝐷 ,
+

1

𝐷 ,
 [9] 

where 𝐷 ,   is the binary molecular diffusivity between species 𝑖  and 𝑗  and 𝐷 ,   is the 405 

Knudsen diffusivity of the species 𝑖. The Knudsen diffusivity was evaluated as:  406 

 𝐷 , =
𝑑

3

8𝑅𝑇

𝜋𝑀
 [10] 

where 𝑅 is the gas constant, and 𝑑  is the average pore diameter calculated from the 407 

capillary pressure curve data as the volume-averaged pore diameter [65]: 408 
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 𝑑 =
1

𝑉
𝑉 𝑑  [11] 

where 𝑉  is the total pore volume, 𝑉  is the pore volume at the 𝑖th intrusion step and 𝑑  is 409 

the corresponding pore diameter. Figure 10(b) shows the 𝜏  for both the electrosprayed 410 

and conventional CLs calculated using Eq. [8].  Unlike the 𝜏  values, in this case it can be 411 

seen that both materials follow a common trend, which suggests that they have similar 412 

pore structures.  This is to be expected given the similarities in the constituent materials 413 

(carbon powder and Nafion™ ionomer).  The 𝜏  values follow the expected power-law 414 

function with porosity; therefore, an attempt was made to fit the power law function to 415 

the experimental data, yielding:  416 

 𝜏 = 𝜀 .  [12] 

Eq. [12] can be used in conjunction with Eq. [8] to obtain an actual effective diffusivity 417 

value for a given electrosprayed catalyst layer material with known porosity and pore size 418 

distributions, for use in modeling studies for instance. 419 
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4. Conclusion 420 

In the present work, the electrospraying technique was explored to fabricate fuel cell 421 

catalyst layers with a PGM-free electrocatalyst. Several operating parameters that are 422 

known to have a strong impact (flow rate and distance) on the resulting porous structure 423 

were varied. The structure of the electrosprayed PGM-free catalyst layers were extensively 424 

characterized and it was confirmed that relatively simple adjustments to the production 425 

parameters resulted in catalyst layers with a variety of characteristics. The characterized 426 

properties include the thickness, porosity, pore size distribution, specific surface area and 427 

tortuosity. It was found that the electrosprayed layers generally resulted in thicker and 428 

more porous structure compared to the catalyst layer fabricated by other techniques such 429 

as air spray and ultrasonic spray. This was attributed to the fact that the electrospray 430 

technique enables the solvent to evaporate completely in flight between the nozzle and 431 

the substrate resulting in thicker and looser structure. Also, the flow rate seemed to have 432 

more impact on the resulting structure than the needle-collector distance. Generally, 433 

slower flow rate resulted in thicker and more porous structures whereas higher flow rate 434 

resulted in thinner and more compact porous structures. The pore size distribution of the 435 

PGM-free catalysts synthesized by the sacrificial support method was evaluated to be 436 

bimodal at 10 nm  and 70 nm . When the PGM-free catalysts were made into catalyst 437 

layers, most of the 70 nm pores disappeared and a new pore at 1 − 2 𝜇m range formed. 438 

It is highly likely that 1 − 2 𝜇m  pores are inter-agglomerate pores formed after the 439 

deposition and 70 nm pores are mostly covered up by Nafion™ since Nafion™ can only 440 

intrude into pores larger than 30 nm. 441 
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The effective diffusivity of the non-PGM catalyst layers were experimentally measured 442 

and were higher for the slower flow rate and decreased with increasing flow rate. The 443 

effective diffusivities of the electrosprayed non-PGM catalyst layers were an order of 444 

magnitude higher than the conventional Pt/C catalyst layers which is attributed to larger 445 

inter-agglomerate pore size leading to a significantly reduced Knudsen effect. The 446 

geometric tortuosity was evaluated and was found to follow a similar trend to catalysts 447 

prepared by traditional methods. 448 
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Tables and Figures 710 

Table 1  A summary of electrospray operating parameters and the catalyst loadings 

Sample Name 
Flow Rate Distance Voltage Catalyst loading 
[mL/hr] [cm] [kV] [mg/cm ] 

Q50D30 0.50 3.0 3.50 2.91 
Q75D30 0.75 3.0 3.50 2.92 
Q100D30 1.00 3.0 3.90 2.93 
Q50D50 0.50 5.0 3.70 2.97 
Q75D50 0.75 5.0 3.70 3.13 
Q100D50 1.00 5.0 4.00 3.12 
Q50D70 0.50 7.0 4.20 3.04 
Q75D70 0.75 7.0 4.40 2.92 
Q100D70 1.00 7.0 4.50 2.98 

 711 

Table 2  Average pore diameter, Knudsen number, molecular diffusivity and Knudsen diffusivity of 
electrosprayed non-PGM catalyst layers 

Sample Name 
𝑑 ,  Kn 𝐷  𝐷  
[nm] [−] [cm /s] [cm /s] 

Q50D30 357 0.2132 0.2039 0.5277 
Q75D30 306 0.2488 0.2039 0.4523 
Q100D30 279 0.2729 0.2039 0.4124 
Q50D50 289 0.2634 0.2039 0.4271 
Q75D50 202 0.3769 0.2039 0.2986 
Q100D50 294 0.2589 0.2039 0.4345 
Q50D70 330 0.2307 0.2039 0.4877 
Q75D70 274 0.2778 0.2039 0.4050 
Q100D70 287 0.2653 0.2039 0.4242 
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 713 

Figure 1 Schematic diagram of electrospraying setup. The setup includes 1) a syringe pump, 2) high voltage 
power supply and 3) XY moving stage 

 714 

 715 

Figure 2  SEM images of electrosprayed non-PGM catalyst layers (a) Q50D30 (b) Q50D50 (c) Q50D70 (d) 
Q75D30 (e) Q75D50 (f) Q75D70 (g) Q100D30 (h) Q100D50 (i) Q100D70 
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 Figure 3 Thicknesses of non-PGM catalyst layers electrosprayed at various operating conditions. 𝑑 is the 
needle-collector distance and 𝑄 is the flow rate of the catalyst ink (NOTE: The total thickness was normalized 
by the catalyst loading to eliminate the loading effect from the analysis) 
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Figure 4  Comparison of electrospraying technique and other deposition methods 
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 720 

Figure 5 Porosities of non-PGM catalyst layer electrosprayed at various operating conditions 
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Figure 6  Comparison of porosity obtained by two different methods (Buoyancy and composition-based) 
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 724 

Figure 7  Capillary pressure curves (a – c) and pore size distributions (d – f) of non-PGM catalyst layers 
electrosprayed under various operating conditions; (a), (d) d = 3.0 cm and Q = 0.50, 0.75, 1.0 mL/hr; (b), (e) 
d = 5.0 cm and Q = 0.50, 0.75, 1.0 mL/hr; (c), (f) d = 7.0 cm and Q = 0.50, 0.75, 1.0 mL/hr 
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 726 

 727 

Figure 8  Left: Pore size distribution of catalyst particles obtained with BJH theory.  Middle: The structure of 
the catalyst particle. The ionomer is expected to fill the etched-out pore (green), but not the mesopore (red) 
Right: Proposed structure of the electrosprayed PGM-free catalyst layer based on MIP and BJH pore size 
distributions. (blue – ionomer layer, grey – agglomerate particles) 
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 729 

Figure 9  Specific surface area of electrosprayed PGM-free catalyst layers (a) per active area and (b) per 
active volume 

 

 

Figure 10 (a) Effective diffusivities of the electrosprayed PGM-free catalyst layers at various operating 
conditions (b) Tortuosity-Porosity plot of the electrosprayed PGM-free catalyst layers. (Lines indicate the 
power-law fit whereas the markers are the experimental data). *Note: The observed tortuosity from the 
work of Yu et al.[56] was calculated based on the information given. Others are plotted as given in the work. 
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 731 

Figure 11  Comparison of conventional inkjet printed Pt/C catalyst layer and the electrosprayed PGM-free 
catalyst layer – Black: Inkjet printed Pt/C (Vulcan) catalyst layer, Red: Inkjet printed Pt/C (Ketjenblack) 
catalyst layer and Blue: Electrosprayed PGM-free catalyst layer. 
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