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ABSTRACT  

The effects of the synthesis steps of a platinum group metal-free (PGM-free) catalyst on the surface 

chemistry, morphology and electrochemical activity in acidic and alkaline media towards the 

oxygen reduction reaction (ORR) were studied. Each step exhibits a positive impact on catalyst 

activity. In acid media, etching of the silica template is the major contributor to the enhancement 

of the half wave potential, as the ORR active sites formed during the first pyrolysis become more 

accessible. Further processing steps result even in higher accessibility and utilization of the 4e- 

transfer sites. In alkaline media, the second pyrolysis is a critical step that favors the complete 

reduction of oxygen to water, as the peroxide production is significantly diminished. The large 

heterogeneity in the porosity at each synthesis step indicates that this parameter needs to be further 

studied to attain better control of the morphology of the PGM-free catalyst, as it is an important 

factor that contributes to the active site utilization. The acid etching and second pyrolysis increase 

the meso- and macroporosity. Understanding the effects of each of the synthesis steps on the 

chemical composition, morphology and ORR activity of the PGM-free catalyst provides the 

necessary feedback for the design of synthetic schemes that increase the catalysts’ performance. 

INTRODUCTION  

In proton exchange membrane (PEM) and anion exchange membrane (AEM) fuel cells, one of 

the critical factors affecting the overall efficiency and performance is the kinetics of oxygen 

reduction reaction (ORR). To address this limitation, a plethora of efforts are being put into 

optimizing the chemical and structural properties of catalysts. Platinum is the state-of-the-art 

cathode catalyst in PEMFCs due to its high catalytic activity and stability in a highly acidic 

operating pH. In parallel, in AEM fuel cells, one of the most active and stable catalysts utilized is 
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palladium or palladium based alloys.1 Due to limited sources of Pt and Pd, as well as their high 

cost, different strategies have been adopted to either decrease the PGM amounts or eliminate the 

use of Pt. Significant progress has been made in replacing PGM with PGM-free materials based 

on transitional metal compounds, such as nitrides/carbides2–4 or chalcogenides.5–7  

Nitrogen-containing M-N-C catalysts are usually synthesized from a mixture of a transition 

metal salt and organic precursors rich in nitrogen that is subjected to high-temperature treatment 

between 600°C and 1100°C in an oxygen-free controlled atmosphere. The resulting materials 

exhibit a large degree of porosity, surface area, and graphitization. This graphitic carbon network 

possesses nitrogen and transition metal defects. The chemistry of these transition metal-nitrogen-

carbon composites has been studied extensively by a combination of spectroscopic techniques such 

as Mossbauer,8 X-ray Photoelectron Spectroscopy (XPS),9–15 X-ray Absorption Spectroscopy 

(XAS)16,17 and theoretical modeling such as Density Functional theory.18–28  XPS has been proven 

to be one of the analytical techniques that provide a surface concentration of M-N-C catalysts from 

top 5-11 nm of the surface, which is directly related to the electrochemical performance of these 

catalysts. Multiple structure-to-property studies based on the correlation between XPS surface 

composition and performance have advanced the development of M-N-C catalysts for ORR.2,9–

12,14,29–34 

The backbone of the material is a carbon network which is rich in surface oxides at the edges.10 

In addition to carbon-oxygen defects, there is a multitude of nitrogen defects, located in both edges 

and in-plane graphene matrixes. 9,18,35 The edges of the carbonaceous material may be terminated 

by imine and amine groups, pyridinic nitrogen, hydrogenated nitrogen (pyrrolic and hydrogenated 

pyridine), quaternary, and N-O groups17,36,37 within the plane of the carbonaceous material, 

graphitic nitrogen, and nitrogen coordinated with iron in a variety of configurations FeNx-C, where 
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x=1-4 are also present.37 The preferential chemical state of iron is iron coordinated by nitrogen. 

However, some residual amounts of iron-rich phase, such as iron oxide, iron carbide, and iron 

metal nanoparticles may be present.  

Due to the plurality of chemical moieties present in the M-N-C materials, the oxygen reduction 

reaction may occur via several parallel pathways, i.e., (i) the desirable 4e- a direct reduction of 

oxygen to water, (ii) the undesirable for fuel cell applications 2e- partial reduction of oxygen to 

hydrogen peroxide and (iii) the subsequent 2x2e- reduction of peroxide to water.  

There is an agreement in the community that atomically dispersed iron coordinated to nitrogen 

catalyzes a full 4e- reduction to water. Multiple experimental confirmations have been published 

recently for the family of materials presented herein. 9,10,12,15,35 In parallel, the hydrogenated and 

protonated nitrogen catalyzes the production of hydrogen peroxide intermediate, and higher 

concentrations of these nitrogen species contribute to lower catalytic activity towards 4e- 

mechanism. 9–11,15 At the same time, pyridinic nitrogen was shown to catalyze the reduction of 

peroxide to water, contributing to better overall efficiency by converting the intermediate peroxide 

formed into the water. 9,10  

As a result of these thorough structure-to-property investigations 9,31,35, there is an understanding 

of which types of structures would be desired or undesired in the electrocatalyst for increased 

efficiency of ORR, i.e., it has to have larger amounts of atomically dispersed FeNx-C centers, 

pyridinic N, as well as small amounts of hydrogenated and protonated edge sites. 

Understanding the chemistry of the active site is often combined with a broadly accepted 

hypothesis that the microporous portion of catalysts plays a critical role in forming the active site.33 

Transport behavior of gases within the support, accessibility of active sites, and electronic 

conductivity of the support are affected by the morphology of the support, which has not been 
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studied in detail.38 Surface morphology is one of the most crucial factors affecting the functional 

performance of heterogeneous multiscale M-N-C materials.  

 Hence, it is critically important to build an understanding of interdependencies between the 

catalyst synthesis steps and the resulting chemistry and morphology of the same. It will be a salient 

input for designing synthetic routes to simultaneously and selectively control the catalyst’s 

chemistry and morphology   

A typical synthesis of the M-N-C materials involves multiple steps, each of them affecting 

chemistry and morphology of the resulting electrocatalyst. The sacrificial support method (SSM), 

starts by pyrolyzing a well-dispersed suspension of a silica template, a metal salt, and nitrogen-

rich organic precursors. After pyrolyzing this mixture, the silica template is removed through 

etching. The removal of silica increases the surface area of the catalysts significantly. The best 

performing catalysts have been obtained by the five-step synthesis: i) the first pyrolysis; ii) first 

ball milling; iii) etching away the silica and excess of Fe-rich phase; iv) second pyrolysis and v) 

second ball milling. 9,31,35,39 

In this manuscript, the effect of each synthesis step on the electrocatalytic ORR activity in acidic 

and alkaline media is investigated and correlated to the surface chemistry and morphology changes 

introduced during the synthesis. The surface chemistry was studied by XPS, while morphology 

was examined using scanning electron microscopy (SEM). The ORR activity was investigated via 

the rotating ring disk electrode technique (RRDE), and the electrochemical parameters such as 

potential at the kinetic current of 100 µA cm-2, half-wave potential, limiting current and peroxide 

generation were determined. The relationships between the surface chemistry and morphology to 

the electrochemical parameters at each one of the five synthesis steps are presented and discussed 



 6 

in detail. These results provide insights for targeted improvements in the synthesis of active 

catalysts in the future. 

2. EXPERIMENTAL METHODS 

2.1 CATALYST SYNTHESIS 

The catalyst was prepared using Sacrificial Support Method (SSM) technique adopting silica as 

a hard-templating agent. The procedure starts by first making a homogeneous mixture of the 

precursors, which then undergoes the five synthesis steps. For the homogeneous mixture, the 

organic precursor, the metal salt and the silica were combined. 55.6%wt of Nicarbazin (Sigma-

Aldrich, 98%) as a nitrogen-rich organic precursor, 5.6%wt. of iron nitrate nonahydrate (Sigma-

Aldrich, 99.95%) as a metal salt, 11.0%wt. of Stöber spheres (in house made), 13.9%wt. of LM-

150 fumed silica (Cabot); 13.9%wt. of OX-50 hydrophilic fumed silica (Aerosil) as templates were 

mixed in a glass beaker using DI water while stirring the solution overnight at a temperature of 

45°C. The next day, the solution was transferred into an oven set at 85°C for 16 h to remove the 

remaining water content. The mixture was ground using a planetary ball miller with agate jar and 

balls for 30 minutes at 5.8 Hz, till fine powder was obtained.  

 The first synthesis step consists of the high-temperature pyrolysis of the homogenized 

precursor mix powder. The powder was placed into a ceramic crucible and inserted into a quartz 

tube. The atmosphere within the tube was composed of 7% of H2 balanced in a flow of 100 cm3 

min-1 of ultra-high purity N2 (Airgas). The role of the H2 during the first pyrolysis is to ensure the 

reductive atmosphere that prevents the formation of the undesired iron oxides. The reduced iron 

atoms originating from the thermal decomposition of the iron nitrate will then participate in the 

formation of the iron-nitrogen ORR active sites.   
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Once the temperature of the furnace reached 575°C, the tube was inserted into the furnace, and 

the temperature was further increased to 900°C with a ramp of 75°C min-1. After that, the 

temperature was increased further to 975°C with a ramp of 10°C min-1. The obtained material was 

left for 45 minutes at 975°C and then taken out of the oven to naturally cool down to room 

temperature under the same reductive conditions (7% of H2).  

In the second step, the cooled material was ground using a planetary ball mill with agate milling 

media at a frequency of 5.8 Hz for 30 minutes.  

The third stage of the process was the etching the silica template by leaving the material to react 

for three days in a mixture of HF (48 wt. % in H2O, ≥99.99% trace metals basis) and HNO3 (70%, 

≥99.999% trace metals basis) in ratio 2:1. The powder was then washed with DI water until a 

neutral pH of the supernatant was achieved and then dried for 16 hours at 85°C to remove the 

excess in water. 

The fourth stage of the process involved the second pyrolysis, in which the powder underwent 

the second heat treatment. The conditions of the thermal treatment were the same as the first one 

with the only difference being the utilization of 7% ammonia (Matheson, Semicon 5N, 99.999%) 

instead than H2. After 45 minutes hold at a constant temperature, the sample was cooled down to 

ambient temperature under the same conditions (7% ammonia). 

The fifth and last phase included ball milling of the powder using agate glassware at 5.8 Hz for 

30 minutes.  

Three catalyst batches were fabricated in parallel, each of the final batches weighing about 4.5g. 

During each synthesis phase, a small amount of sample was conserved to analyze the surface 

chemistry, surface morphology, and electrochemical activity. The catalysts tested in this work are 

presented in Table 1. 
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Table 1. Catalysts samples for each batch and each phase during the preparation.  
sample   1st 1st ball Acid  2nd 2nd ball sample 

number batch pyrolysis milling etching pyrolysis milling abbreviation 

1 1 x         P-1 

2 2 x 
    

P-2 

3 3 x   
   

P-3 

4 1 x x       PB-1 

5 2 x x 
   

PB-2 

6 3 x x       PB-3 

7 1 x x x     PBE-1 

8 2 x x x 
  

PBE-2 

9 3 x x x     PBE-3 

10 1 x x x x   PBE2P-1 

11 2 x x x x 
 

PBE2P-2 

12 3 x x x x   PBE2P-3 

13 1 x x x x x PBE2PB-1 

14 2 x x x x x PBE2PB-2 

15 3 x x x x x 1PBE2PB-3 

2.2. SURFACE CHEMISTRY 

High-resolution X-ray Photoelectron Spectroscopy (XPS) was performed using Kratos DLD 

spectrometer with a monochromatic Al Kα source operating at 225mW. Three areas per sample 

were analyzed. The results presented are the averages from there areas together with standard 

deviations calculated. Samples A1-A3 were analyzed with the assistance of charge neutralizer 

(CN), while the rest of the samples did not require the use of CN. CasaXPS was used to process 

the data. A 70% Gaussian/30% Lorentzian line shape was utilized in the curve-fit of spectra. The 
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linear background was used for quantifying atomic composition except for Fe 2p spectra, for which 

Shirley background was used. High-resolution spectra were fitted according to the procedure 

established previously. 10,15,31 

2.3 SURFACE MORPHOLOGY 

SEM imaging was performed using Hitachi S-5200 UHR FE-SEM at 2 kV in SE mode at 50k 

magnification. Six images were acquired from six different areas on the samples to capture an 

overall representation of morphology. To ensure that the intensity variation is caused by the sample 

morphology and not by the different instrumental conditions, all the images were recorded at the 

same experimental settings (i.e., voltage, magnification, brightness and contrast, current and gain). 

Digital image processing (DIP) was done using an in-house developed GUI in Matlab using the 

Image Processing Toolbox as shown previously. 40 This technique has been verified via nitrogen 

adsorption measurements on M-N-C catalysts. 41 

High pass filtering of images was done to remove the low-frequency component resulting in 

images capturing features between 8 and 60 nm, while low pass filtering was done to remove high-

frequency component resulting in images capturing features between 100 and 400 nm.42 Skewness 

parameter was calculated from overall filtered images to describe relative porosity at two different 

scales that may be related to different properties of catalysts. Skewness is calculated from the 

image histogram, and it defines the extent to which a distribution differs from a normal 

distribution. Larger porosity expressed by larger pore size and larger density of pores will result 

in smaller skewness of the image. 41–44  

The following areal parameters were calculated from thresholded original images: 1) Solid size, 

which is measured as the average number of pixels (converted to nm) where the catalyst solid 
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phase is present in x and y-direction; 2) Pore size, measured as the number of consecutive pixels 

(converted to nm) where no material is present in x and y-direction (only solid and pore size in x-

direction was included in results, as there is no anisotropy in the morphology) and 3) Areal 

porosity, i.e., the ratio of empty pixels (without material) to total area.  

2.4 ELECTROCHEMICAL MEASUREMENTS 

The electrochemical performances were measured using a rotating ring disk electrode (RRDE) 

technique. The catalysts during each synthesis phase of the three different batches were tested in 

acidic and alkaline media electrolyte. A total of 5 mg of each catalyst was inserted into a plastic 

vial with 850 μL of a mixture with a 4:1 ratio of DI water and IPA (Sigma, ≥99.7%)  and 150 μL 

of 0.5%wt of Nafion (FuelCell Store). The resulted catalyst concentration was 5 μg μL-1. The ink 

was horn sonicated three times for 5 minutes each time. A pipette was used to take the ink from 

the plastic vial and drop cast it to the disk electrode. The RRDE had a disk with an area of 0.2475 

cm2 and a ring with an area of 0.1866cm2.  The ink was left to dry at ambient temperature and 

pressure. The previously optimized catalyst loading was 0.175 mg cm-2,10 and it has been 

established that this loading is enough to cover the RRDE disk without introducing additional 

diffusion barrier for the detection of the peroxide in the ring. To obtain this loading, 8.7 μL of the 

catalyst ink was deposited on the disk electrode. RRDE was run in two electrolytes: 0.5 M H2SO4 

(in house prepared using Sigma, 99.999%) for acidic media and 0.1 M KOH (in house prepared 

using BioXtra, ≥85% KOH basis) for alkaline media. The electrolyte was initially flushed 

vigorously with pure oxygen ( for at least 20 minutes and then continuously bubbled through the 

experiment. Linear sweep voltammetry (LSV) was performed using the disk as a working 

electrode, a graphite rod as a counter electrode and an RHE reference electrode connected to the 
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corresponding channel. RRDE was rotating at a constant speed of 1600 rpm. The potential window 

investigated was between 1.1 V and 0 V vs. RHE in both media. The ring potential was held at a 

1.1 V vs. RHE to detect the peroxide produced at the disk. The catalysts were preconditioned by 

performing cyclic voltammetry at a rate of 50mV s-1. After this preconditioning cycle, a steady 

LSV was observed, and new LSVs were run as cathodic sweeps at a scan rate of 5 mV s-1.  The 

capacitance of the catalyst layer was corrected by analyzing the current at 1V vs RHE, where no 

activity of the PGM-free catalyst was observed. The disk current density (jdisk) and ring current 

density (jring) were used to estimate the hydrogen peroxide yield (%H2O2) and the number of 

electrons transferred (n) according to equation 1 (eq. 1) and 2 (eq. 2) respectively. N represents 

the ring collection efficiency of 37%.   

  

  𝑛𝑛 =  � 4𝑗𝑗𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑗𝑗𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+ 
𝑗𝑗𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑁𝑁

�  (eq.1) 

 

%𝐻𝐻2𝑂𝑂2 = (4− 𝑛𝑛)
2

∗ 100  (eq. 2) 

2.5 SURFACE CHEMISTRY AND MORPHOLOGY RELATIONSHIP WITH 

ELECTROCHEMISTRY 

The relationship between surface chemistry, morphology and performance were studied with the 

assistance of principal component analysis (PCA). PCA is a multivariate statistical tool, commonly 

used to reduce the dimensionality of large data sets and to express the data in a way that highlights 

similarities and differences between samples and variables.  PCA provides the ability to identify 

the major structural and morphological factors influencing electrochemical performance. In PCA, 
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two input data tables were created – one combining XPS atomic concentrations and chemical 

speciation (Figure 1S d) with electrochemical parameters (limiting current densities and half-wave 

potential in acid and alkaline) and the other combining morphological parameters with the same 

electrochemical parameters. PCA transforms the experimental data matrix into a smaller number 

of principal components, each having a score and loading associated with it. The loadings are a 

linear combination of the original variables. The 2 principal components corresponding to the 

largest 2 eigenvalues, captures the most variance in the data, while the remaining components, 

each describing a low variance, represent the noise in the data set. The results of PCA are usually 

displayed as biplots reflecting the significance of each sample in a principal component (scores) 

and reflecting the significance of each variable in a principal component (loadings).  

3. RESULTS AND DISCUSSION 

3.1 CATALYST SURFACE CHEMISTRY 

Elemental composition and speciation of catalysts at each step of synthesis were presented and 

discussed in detail in our previous publication.39,43 Table S1 shows all elements detected by the 

low-resolution XPS survey spectra. In the precursor mixture, 13% of Si from a template is present. 

A large amount of oxygen is also detected. The first pyrolysis causes an increase in carbon 

concentration at the expense of a decrease of surface oxides. Ball milling serves as another cleaning 

step in which the amount of both oxygen and Si decreases.  Etching removes template very 

efficiently as confirmed by the absence of Si 2p peak. A small amount of F from HF cleaning is 

detected. The 2nd pyrolysis causes a decrease in oxygen with almost 90% of the carbon present. 

No F and Si are detected in the pyrolyzed product at the end of all synthetic steps. Figure S1 shows 

the curve-fitted high-resolution spectra along with quantitative results extracted from the spectra, 
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while Figure 1 shows the main observations in the evolution of chemistry during each step of the 

synthesis. After the first pyrolysis, a high amount of oxygen - up to 35 at % - was detected at the 

surface. The first ball milling step introduces a small change in composition by decreasing the 

amount of oxygen at the surface slightly. However, the major change in the removal of surface 

oxides occurs during the etching process. After etching, only 10 at% of oxygen is detected, and 

carbon increases to above 80 at%, which is expected due to the removal of the silicon oxide. This 

is also the stage after which a larger amount of nitrogen is exposed to the surface due to the removal 

of extra surface oxides. Very small changes are occurring in elemental composition during the 

second pyrolysis and second ball milling. This is also true for changes within the chemistry of the 

carbon. Surface oxides CxOy are removed during the first ball milling and etching with stable 

carbon chemistry achieved after the etching step. This confirms that surface oxides are mainly 

present at the surface and milling homogenizes the chemistry and redistributes its composition 

within the total volume of material. 

 

Figure 1. Evolution of surface chemistry through the five synthesis steps atomic % for a) C and O; 

b) N, c) Fe (left y-axis) and ratio between relative % of Fe oxides and Fe-Nx species (right y-axis). 
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Relative % for species obtained from fitted N 1s and c 1s spectra d) pyridinic N and Nx-Fe/NH2, 

e) N+/Ngr (left y-axis) and NOx (right y-axis) and f) CxOy and Cgr. Adapted from39 under a 

Creative Commons license ((CC BY 4.0)), copyright 2018 Elsevier. 

The changes in nitrogen chemistry are observed throughout all the synthesis steps. The etching 

causes the formation of high amounts of nitrogen oxides at the surface with other types of nitrogen 

being at their lowest surface concentrations at this stage of synthesis. The second pyrolysis serves 

as a major step in “cleaning” and “activating” the catalyst surface. During this step, nitrogen oxide 

species are being removed, and a large amount of edge pyridinic nitrogen is being formed. Iron 

also undergoes major change – after the first pyrolysis and ball-milling majority of iron is present 

as Fe oxides FeOx species as is shown in FeOx/Fe-Nx ratio in Figure 1 c), right axis. No metallic 

Fe is observed. A dramatic decrease in the relative amount of iron oxides occurs during etching, 

with the much smaller relative amount of oxides with respect to Fe-Nx species.  

Another role of the second pyrolysis is removing volatile SiFx, formed during the etching step, 

from the porous body of catalysts as confirmed by the absence of both F and Si at the surface by 

XPS (Table S1). This increases the utilization of active sites. The second ball-milling step slightly 

increases the pyridinic and iron coordinated nitrogen, due to the increased surface exposure caused 

by the breakage of the larger particles. 

An important observation from the evolution of chemical composition is a decrease in 

heterogeneity in the surface composition with each consecutive step of the synthesis. 

Homogenization of the surface chemistry is critical for obtaining consistent ORR activity among 

all the batches synthesized. 

3.2 CATALYST SURFACE MORPHOLOGY  
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Figure 2. Evolution of surface morphology with each synthesis step. Sample SEM image out of 6 

acquired is shown for each step. The magnification was 50k and the electron beam set to 2.0kV. 

Each segment of the scale bar in the SEM images is equivalent to 1 micron.  

The interplay between chemistry and morphology of electrocatalysts and their role in oxygen 

reduction reaction cannot be overlooked. Figure 2 shows single SEM images obtained from the 

materials at each step of the synthesis. Visual inspection of individual images does not provide 

insight into morphological changes, as a single image may not be representative of the morphology 

of the whole sample. The relevant scale which promotes the formation of an effective double-layer 

or the transfer of ions into the pore structure are the pores within the range of 5-100 nm.42 SEM is 

suitable to access these lateral dimensions and to provide sets of images representative of the 

morphology for statistically valid structure-to-property correlations. 

For this abovementioned reason, six SEM images were obtained from six random areas of the 

samples, and the digital image processing (DIP) was applied to extract the material’s 

morphological metrics, following the procedure described before.41,43–46 The goal of DIP is to 
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convert 2-D images into 1-D image descriptors that can be utilized for quantitative morphology 

representation and description.14,47,48 Porosity is an essential characteristic that influences the mass 

and transport behavior of the catalysts.49 In our previous reports, we have shown that quantitative 

descriptors of morphology extracted by DIP are in strong correlation with nitrogen adsorption 

measurement, so they can reliably be used as macroscopic parameters.51, 54 Skewness (Rsk) 

describes asymmetry of the roughness and points to the domination of valleys (pores) or peaks in 

the micrograph. Penetration of gases and ions into the pores is closely related to pore size and pore 

shape distributions.50 Morphological data from overall SEM surface measurements contain 

information on a wide range of scales, starting from the resolution limit of the instrument used, up 

to the larger features capped by the field of view. Different phenomena and processes related to 

the material performance correspond to different diffusion regimes at different length scales, i.e. 

the interplay between configurational and Knudsen diffusion in mesopores (tens of nanometers) 

and regular diffusion in macropores (over 50 nm in diameter). Use of low-high-filtering for 

separating different scales of roughness is a conventional routine established for AFM images. 

Prior work has successfully extended this methodology to SEM images, in which high-pass and 

low-pass filters were employed to separate images into roughness and waviness image 

components, respectively.22,23,34,51 This approach allowed splitting morphological information into 

two different scales.  

Figure 3 shows the evolution of morphological metrics at each stage of synthesis. Skewness 

extracted from original images captures overall porosity. Figure S4a) shows histogram extracted 

from one of the multiple original images acquired for sample after the 1st pyrolysis and after the 

2nd pyrolysis steps. The sample after the 1st pyrolysis contains larger portion of low grey values 

coming from pores than the sample after the 2nd pyrolysis. Therefore sample P will have a smaller 
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magnitude of skewness than sample PBE2P. Overall porosity (Figure 3a) of the materials obtained 

at each step is quite heterogeneous, as captured by large standard deviation, and it is very similar 

for materials obtained after each step of the synthesis.  

The skewness calculated from the high-frequency and low-frequency component images shed 

more details into the changes in porosity at smaller (8-60 nm) and larger (100-400 nm) scales 

(Figure 3b). Figure S4 b) and c) show the histograms extracted from filtered images. The 

histograms of both P and PBE2P samples contributing to meso-skewness are very similar. The 

histograms of waviness component images contributing to macro skewness show that sample after 

the 1st pyrolysis has a wider distribution with larger proportion of pores (dark grey values) and 

peaks (bright gray values) than sample after the 2nd pyrolysis.  

  The trend in changes in meso- and macropores is very similar at each step. The first ball milling 

increases the number of pores (smaller magnitude of skewness is indicative of more pores) while 

etching opens the pores. The second pyrolysis causes decreases in relative amount of both 

mesopores and macropores homogenizing the material morphology. The last ball milling step 

causes a slight expansion of both meso- and macropores.  

  

Figure 3. Evolution of surface morphological parameters extracted from SEM images for each step 

of the synthesis: a) overall skewness and b) filtered skewness, c) pore and solid size. 
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The change in the morphology was also evaluated by calculating average solid size and pore 

size from SEM images (Figure 3c). Ball milling and etching causes break down of larger solid 

clusters into smaller ones almost twice. The pores between clusters also decrease. Interestingly, 

the 2nd pyrolysis causes agglomeration of solid clusters and growth of pores between them almost 

to the initial value. The last ball milling causes break down in the solid clusters and an even larger 

decrease in pore size.  

3.3 ELECTROCATALYTIC ACTIVITY IN ACIDIC AND ALKALINE MEDIA 

To evaluate the effect each step of the synthesis has on the electrocatalytic activity, the linear 

sweep voltammograms for the three samples of each of the five synthesis steps were collected and 

reported in Figure S3. The average and standard deviation of the three LSVs was calculated. In the 

following figures, the disk and ring LSVs were stacked on top of each other to facilitate the 

comparison of the catalyst ORR activity with the peroxide formed, which is detected on the ring. 

From these two results, the overall electron transfer and the peroxide yield are estimated as 

described in the Experimental section. 

3.3.1 ACIDIC MEDIA 

The average LSVs for ORR activity in acid media of the PGM-free catalysts at each step of 

synthesis are presented in Figure 4, where jR is in panel (a); overall e- transferred in panel (b); jD 

in panel (c) and peroxide yield in panel (d). From Figure 4c, it is clear that the successive synthesis 

steps make the PGM-free catalyst more active towards the ORR, particularly evidenced by the 

continuous increase in the half-wave potential. The ORR activity of the catalyst after the first 

pyrolysis and the first ball milling is very similar. The step that leads to the most significant 



 19 

increase in E1/2 is etching. The acid etching of the silica sacrificial support leads to the generation 

of pores on the catalysts, as well as the breakage of the larger solid clusters into smaller ones 

(Figure 3c). The removal of the non-conducting silica used for pore generation also leads to an 

increase in the electric conductivity of the PGM-free catalysts. This contributes to a larger density 

of active sites being accessible by the reactants, which is confirmed by the increased limiting 

current densities observed after the acid etching.52  

The acid etching also caused an increase in peroxide production, as seen in Figure 4a. The 

oxidative etching creates a plethora of defects on the surface of the materials such as nitrogen 

oxides and protonated nitrogen species. The protonated nitrogen moieties have been shown to 

carry out the reduction of oxygen to peroxide.9,15,30 Nitrogen oxides, on the other hand, may inhibit 

the full reduction of oxygen to water by pulling protons away from the active sites. 

  Etching also introduces variability into the electrochemical testing results. There is a large 

heterogeneity between the activity of 3 samples synthesized, as evidenced by a higher standard 

deviation. Oxidation of the surface occurring during acid etching causes heterogeneity of chemical 

composition, specifically, in nitrogen concentration (Figure 1b), which may be contributing to 

variability in LSVs results.  

 The second pyrolysis has caused an increase in the half-wave potential by 30 mV, most 

likely due to the increased accessibility of the iron-nitrogen centers by the reactants.9 As XPS 

results show, after the 2nd pyrolysis there is a large change in the distribution of nitrogen species, 

with nitrogen oxides being removed and nitrogen-iron active sites being exposed at the surface 

(Figure 1d). The chemical composition and electrochemical testing results are more consistent for 

each of the samples after the 2nd pyrolysis as well. The 2nd pyrolysis can be viewed as a cleaning 

step of removing unwanted edge sites that are inhibiting full 4e- reduction of oxygen to water. 
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Also, this step increases the population of pyridinic nitrogen, which is a moiety known to reduce 

the peroxide intermediate into water.9 

Each successive synthesis step contributes positively towards increasing the potential at the 

kinetic current of 100 µA cm-2, from 0.76V vs. RHE after the first pyrolysis to becoming 0.82V 

vs. RHE after the last processing step. The high selectivity of catalysts throughout the synthesis is 

confirmed by low peroxide yields, i.e., below 3.5% for the sample after the 1st pyrolysis and below 

1.5% for the final PGM-free catalyst (Figure 4d). 
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Figure 4. RRDE results in 0.5 mol L-1 H2SO4. (a) Ring current density, (b) number of electrons 

transferred, (c) disk current density and (d) peroxide yield %  
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3.3.2 ALKALINE MEDIA 

The ORR activity for the PGM-free catalyst in alkaline media is presented in Figure 5, where jR 

is in panel (a); overall e- transferred in panel (b); jD in panel (c) and peroxide yield in panel (d). 

Figure 5c indicates that each successive synthesis step contributes towards the increase of the 

potential at the kinetic current of 100µA cm-2 and half-wave potential of the ORR as well as the 

limiting current. Similarly, to the observed results in the acid media, the increase in variability 

between the three samples is evidenced after the acid etching, particularly for ring current (Figure 

5a).  

For the final synthesized PGM-free catalyst, the LSVs have potential at the kinetic current of 

100µA cm-2 of 0.93V vs. RHE, while reaching the limiting current region at 0.6V. The onset of 

peroxide production is at 0.7V, the potential at which the catalyst has almost reached its limited 

current region. The peroxide producing species are only active at higher overpotentials. It is 

important to contrast this with the results for acidic media, where the onset potentials in the disk 

and ring are close to each other, and the peroxide yield is much lower. 

The shape of the LSV of the ring current density (Figure 5a) is remarkably different for the 

sample after the second pyrolysis and ball milling. This is due to the transformation of the peroxide 

producing species during the second pyrolysis. The XPS shows a decrease in nitrogen oxides and 

an increase in pyridinic nitrogen, which have been found to contribute to the reduction of peroxide 

to water.9 After the 2nd ball milling, some exposure of the peroxide-forming sites is occurring. This 

suggests the adjustment in the sequence of synthetic steps with ball milling following the acid 

etching and the 2nd pyrolysis being the last step of the synthesis. If some of the hydrogen-peroxide 

species were being formed during the ball-milling due to the energy introduced during the process, 
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it would be “cleaned” during the 2nd pyrolysis which showed to form pyridinic nitrogen, which 

also contributes to better selectivity by reducing the peroxide to water.  

0.0

0.1

0.2

0.3

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0

0.0 0.2 0.4 0.6 0.8 1.0
-5

-4

-3

-2

-1

0

0.0 0.2 0.4 0.6 0.8
0

10

20

30

40

50

j R
 (m

A 
cm

-2
)

 P
 PB
 PBE
 PBE2P
 PBE2PB

 P
 PB
 PBE
 PBE2P
 PBE2PB

(c) (d)

(b)

 P
 PB
 PBE
 PBE2P
 PBE2PB

 P
 PB
 PBE
 PBE2P
 PBE2PB

O
ve

ra
ll 

e-

(a)

j D
 (m

A 
cm

-2
)

E vs RHE (V)

Pe
ro

xi
de

 Y
ie

ld
 (%

)

E vs RHE (V)
 

Figure 5. RRDE results in 0.1 mol L-1 KOH (a) Ring current density, (b) number of electrons 

transferred, (c) disk current density and (d) peroxide yield % 

Figure 5c and 5d confirm the importance of the second pyrolysis as the step towards reducing 

the peroxide formation and increasing the overall number of electrons transferred. The PGM-free 

catalyst synthesized rapidly reaches limiting current at 0.6 V vs. RHE and has an overall electron 

transfer of 3.9 or a 1.5% peroxide yield at this potential (Figure 5b and 5d). 
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Figure 6 summarizes and compared 

the electrochemical performance in 

acidic and alkaline electrolytes 

evolving during each synthetic step. 

The half wave potentials were 

calculated the first derivative method 

from the LSVs. 

The half wave potential for the disk 

and ring in the acid electrolyte (Figure 

6a) follow a similar trend, indicating 

that the chemical moieties responsible 

for the peroxide formation are active at 

the same overpotentials as the ones 

responsible for the 4 electron transfer 

process. This shows that the ORR is 

occurring via a 4e- a process with the 

peroxide being produced coming from 

the incomplete ORR carried out by 

some of the nitrogen species. The 

highest increase in the half-wave 

potential for the acid electrolyte 

happens after the etching of the 

P PB PBE PBE2P PBE2PB
0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

 Disk
 Ring

E 1
/2

 D
is

k (
V 

vs
. R

H
E)

 
(a)

(b)

(c)

acid

alkaline

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

E 1
/2

 R
in

g 
(V

 v
s.

 R
H

E)

P PB PBE PBE2P PBE2PB
0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

 Disk
 Ring

E 1
/2

 D
is

k (
V 

vs
. R

H
E)

 

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

E 1
/2

 R
in

g 
(V

 v
s.

 R
H

E)

P PB PBE PBE2P PBE2PB
1.5

2.0

2.5

3.0

3.5

4.0

4.5

 Acid
 Alkaline

j  li
m

 a
ci

d (
m

A
 c

m
-2

)

1.5

2.0

2.5

3.0

3.5

4.0

4.5

j  li
m

 a
lk

al
in

e (
m

A
 c

m
-2

)

 

Figure 6. Half-wave potentials for the ORR in the (a) 

acid and (b) alkaline electrolytes. Disk limiting current 

density (c) 
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sacrificial support, indicating that the accessibility of active sites within the porous framework of 

the PGM-free catalyst plays an important role in the catalytic activity.  

The ring half-wave potential in alkaline media (Figure 6b) is much lower than the one of the 

disk. Each synthesis steps increases the half wave potential, enhancing the ORR catalytic activity. 

The second pyrolysis reduces the half-wave potential for the ring, indicating the conversion of 

peroxide forming species into peroxide reducing moieties, most likely being from NOx to pyridinic 

nitrogen atoms as it is evidenced by XPS analysis. Figure 2S shows that the pyridinic nitrogen 

moieties increased after the second pyrolysis, while the NOx moieties decreased. 

The disk half-wave potentials in the alkaline electrolyte are higher than the ones for the acid 

media for all the steps on the synthesis, which is quite expected.  

Limiting current density for disk electrode (Figure 6c) shows different behavior for acid and 

alkaline. In acid, a dramatic increase in jlim is observed after the acid leaching step, while for the 

alkaline very gradual increase with each step of the synthesis is seen. Diverse mechanisms of 

oxygen reduction in acid and alkaline electrolyte may be responsible for this difference.10 In 

alkaline media, outer sphere mechanism is dominant,53 so the surface of the catalyst after the 1st 

pyrolysis already has enough of the active sites such as surface oxides to catalyze the reaction.10 

In acidic media, the inner sphere reaction mechanism is predominant, so the chemistry of the active 

site is much more important. Only after the etching of silica support, the reactants can access the 

unique active sites that specifically selective towards ORR.  

It is worth highlighting the importance of the correct catalyst loading selection for the analysis 

of the results obtained. Other authors54 and ourselves55 have performed loading studies on PGM-

free catalysts. Within the first reference,54 it is shown that the ring current density progressively 

increases from the lower loadings until it an intermediate loading of about 160 μg cm-2, were the 
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ring current density reaches a maximum, expected due to the increased number of active sites with 

increased loading. This is an indicator that the peroxide being formed by the disk is being detected 

by the ring. As the catalyst loading goes from 160 μg cm-2 to 400 μg cm-2 and after that, it can be 

seen a significant decrease in the ring current density, which suggests that the hydrogen peroxide  

formed on the disk is either being further reduced to water or being disproportionated to oxygen 

due to the thick catalyst layer effect. The discussed loading of 160 μg cm-2 is very close to our 

optimized loading of 175 μg cm-2. 

The loading study55 performed in our laboratory on a previous generation catalyst showed that 

the ring current density does not decrease until the loading is higher than 200 μg cm-2, reinforcing 

the idea that the loading of 175 μg cm-2 elected for experiment reported herein allows for the correct 

assessment of the peroxide formed on the disk. The maximum in the ring current density observed 

at loadings of 200 μg cm-2 indicate that to report the current densities in relationship to geometric 

area, it is necessary to ensure complete coverage of the disk, and this is only happening when the 

loadings are approaching 200 μg cm-2, as was previously established.10   

3.4 PRINCIPAL COMPONENT ANALYSIS 

The evolution of chemistry and performance during each of the synthesis steps is captured in the 

PCA biplot which shows a correlation between surface chemical composition and electrochemical 

performance in acidic and alkaline electrolytes (Figure 7). Biplots, as shown in Figure 7, allow for 

visualization of the clustering of samples and for identification of variables that are most/least 

important for these groups of samples. The variables (properties such as chemical composition, 

morphological metrics and electrochemical performance) that have larger magnitude for a specific 

group of samples are positioned closely to that group on a biplot.  
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Principal component #1 captures most of the variance in the data (~61%) and describes the 

difference between samples after Pyrolysis 1 and after the first Ball Milling (located on the 

negative axis of PC1) from the other samples which are located on the positive axis of PC1. 

Based on variables located in each cluster of the samples on the biplot, we can see that the 

catalysts after the first pyrolysis and ball milling have a large amount of oxygen and surface oxides, 

iron with a residual amount of Fe oxides and a large amount of protonated nitrogen and amines. 

As was discussed above, etching results in creating an abundance of nitrous oxides at the surface, 

expected due to the strong oxidant nature of the nitric acid used in this step. There is a correlation 

in half-wave potential and limiting current densities in both acid and alkaline media - they 

contribute positively into PC1 and are located near to samples after 2nd pyrolysis and ball milling. 

Improved performance in both media is the result of the second pyrolysis and ball milling after 

etching away surface oxides and residual iron oxides, with optimal chemistry consisting of the 

larger amount of aliphatic and graphitic carbon, nitrogen, particularly, in the iron coordinated 

environment and pyridinic nitrogen. 
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Figure 7. Correlation biplot of the evolution in PGM-free catalyst surface chemistry and 

electrochemical performance. 

The evolution of morphology and performance during synthesis is captured by PCA biplot 

showing correlations between morphology and performance in Figure 8. Principal component #1 

captures ~55% of the variance in the data and separates the samples after Pyrolysis 1 and Ball 

Milling 1 (contribute negatively to PC1) and the other samples (contribute positively into PC1). 

The 2nd principal component captures 30% of the variance in the data and separates samples with 

small solid size and pore size (contributing positively into PC2) from the samples with the smallest 

pore and solid size (sample after etching which contribute negatively into PC2). Initial morphology 

obtained after the first pyrolysis and ball milling results in the morphology lacking the properties 

necessary for good performance in both acidic and alkaline media, as the sacrificial support has 
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not been etched away, hindering the direct exposure of the active sites. Large overall area porosity 

formed contributes to larger hydrogen peroxide production in alkaline. The morphology that is 

beneficial for high half-wave potentials and high limiting current densities in both media is 

represented by the smaller amount of mesopores and balance between the solid size and pore 

dimensions.  

 

Figure 8. Correlation biplot of the evolution in PGM-free catalyst morphology and electrochemical 

performance. 
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3.5 CORRELATIONS IN ACIDIC AND ALKALINE MEDIA 

Direct structure-to-property correlations were investigated by building scatter plots between 

metrics extracted as significant from PCA biplots and performance. As Figure 9a shows, the 

mesoporosity represented by skewness in the range of 8-60 nm allows for the higher number of 

active sites –FeNx extracted from high-resolution Fe 2p spectra and graphitic carbon. Figure 9b 

confirms that the iron coordinated to nitrogen embedded within the graphitic carbon matrix is the 

active site that is predominantly located on the mesopores ranging between 8-60 nm, contributing 

to better performance in both acidic and alkaline media.  

 

Figure 9. Important correlations of surface chemistry, morphology and electrochemical activity of 

the PGM-free catalyst in acid and an alkaline electrolyte. a) Surface concentration of graphitic 
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carbon and iron coordinated to nitrogen versus meso-skewness; half-wave potential in acid and 

alkaline vs b) surface concentration of Fe-Nx species and c) meso-skewness; d) limiting current 

density in acid and alkaline versus surface concentration of Fe-Nx species.  

There is a weak direct dependence of performance in both acid and alkaline on mesoporosity 

shown in Figure 9c. The difference in the mechanism of oxygen reduction in acid and alkaline 

media is well captured in Figure 9d which shows a much larger effect of the density of sites on 

activity in acid than in alkaline.  

4. CONCLUSIONS 

This work studies the physical and chemical processing steps that the PGM-free catalysts 

undergo during their synthesis and the contribution towards an increased ORR catalytic activity. 

The surface chemistry and morphology are correlated with the electrochemical activity. Image 

processing techniques were applied to determine the morphological changes that the catalyst 

undergo through the synthesis steps. The large heterogeneity in the porosity at each synthesis step 

indicates that this is a parameter that needs to be further studied to get better control of the 

morphology of the obtained PGM-free catalyst, as this is an important factor that contributes to 

the active site utilization and the mass transport of the reagents and products. It was found that the 

acid etching and second pyrolysis are the synthesis steps which cause more uniform morphology 

with balance of mero- and macro-pores. 

In acid electrolyte, the etching of the silica template is the major contributor to the enhancement 

of the half wave potential, as the ORR active sites formed during the first pyrolysis are made 

accessible. Further processing steps serve to increase the 4e- transfer sites, hence increasing the 

half-wave potential. 
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In alkaline electrolyte, the second pyrolysis is a critical step that favors the increased reduction 

of oxygen to water, as the peroxide production is significantly diminished after this step. The 

decrease in peroxide yield after the second pyrolysis corresponds to an increase in pyridinic 

nitrogen, which highlights the importance of this chemical moiety for the further reduction of 

peroxide into water. 

The understanding of the effects of each of the synthesis steps towards the chemical composition, 

morphology and ORR activity of the PGM-free catalyst helps to design new synthesis processes 

that can increase the catalysts’ performance. 
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