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Abstract 

 

Aerogels are a very interesting group of materials owing to their unique physical and chemical properties. In the 

context of electrocatalysis, the focus has been on their physical properties, and they have been used primarily  catalyst 

supports so far. In this work, we synthesized porphyrin aerogels containing Ni and NiFe mixed metal materials and 

studied them as catalysts for the oxygen evolution reaction (OER). Different Ni:Fe ratios were synthesized and studied 

in electrochemical cells, and DFT calculations were conducted in order to gain insight into their behavior. The activity 

trends were dependent on the metal ratios and differ from known NiFeOOH materials due to the change of the 

oxidation states of the metals to higher numbers. Herein, we show that Ni and Fe have a synergistic effect for OER, 

despite being structurally separated. They are connected electronically, though, through a large organic aromatic 

system that facilitates electron sharing between them. In this mixed metal porphyrin aerogels, the best ratio was found 

to be Ni:Fe = 35:65, in contrast to oxide/oxyhydroxide materials in which a ratio of 80:20 was found to be ideal.  

 

Keywords: electrocatalysis, oxygen evolution reaction, aerogels, PGM free catalysts, alkaline electrolyzers, metal 

porphyrins, DFT calculations 

 

Introduction 

 

Climate change is one of the most significant 

challenges of the 21st century.1, 2 To mitigate its  

effects, it is necessary to decrease the amount of 

greenhouse gases (GHG) emitted into the 

atmosphere.3 In parallel, the world’s population and 

energy demand are projected to continuously rise in 

the near future.4 To reduce GHG emissions while in 

the face of growing energy demand, new 

environmentally friendly methods for energy 

generation and storage must be rapidly developed.5, 6  

One of the most prominent emerging clean energy 

technologies is the use of hydrogen rather than fossil 

fuels as an energy carrier. Hydrogen needs to be 

produced without emitting GHGs, otherwise the issues 

relating to them are only shifted.6 One way to do this 

is to utilize renewable energies alongside 

electrochemical water electrolysers.6 This is done via 

two distinct electrochemical reactions, the cathodic 

hydrogen evolution reaction (HER)7-11 and the anodic 

oxygen evolution reaction (OER).11-22 

The HER is considered to be relatively facile. The 

state-of-the-art catalyst for this reaction is platinum, 

which is scarce and costly, and the search for viable 

alternatives of platinum group metal-free (PGM-free) 

catalysts is ongoing.9-11 The OER is considered the 

bottleneck reaction, since it is a four-electron process 

which has very sluggish kinetics and requires 

relatively high overpotential to reach suitable current 

densities (around 10 mA cm-2).18 Ir and Ru-based 

catalysts have been considered the benchmark for 

decades, but in recent years, PGM-free catalysts based 

on Ni and Fe such as NiFeOOH have been found to 

outperform the activity of PGMs in alkaline 

electrolyzers.19-21, 23, 24 In this class of PGM-free 

catalysts, it is important to note that Ni and Fe have a 

synergistic effect and that both metals are necessary to 

achieve high catalytic activity at relatively low 

overpotentials.16, 18, 24-30 Materials with only one of the 

metals, e.g. NiOOH, have always shown lower 

performance when compared to bimetallic NiFe 

catalysts.23  

The most difficult challenge with NiFeOOH 

catalysts is their relatively low surface area. In this 

regard, one class of materials that has been drawing 

attention in recent years is aerogels.31 These materials 

have a very large void volume (> 97%), are highly 

porous, ultralight, and have an extremely low density. 

These properties make them very interesting materials 
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for a variety of applications such as energy storage 

devices, sensors and catalyst supports.31-39 Many 

different materials can be formed into aerogels, like 

metals or metal oxides but also organic and inorganic 

molecules.40-42 Combining these physical properties 

with an active material will result in a self-standing, 

all-in-one catalyst/support material.  

Herein, we synthesized porphyrin-based aerogels 

containing Ni and Ni-Fe with various Ni:Fe ratios. All 

of these catalysts show activity towards OER, with the 

mixed metal aerogels showing the best performance. 

To the best of our knowledge these are the first 

reported metal-organic aerogels that show activity 

towards OER. The trends of activity differ from the 

known trends for NiFeOOH and DFT calculations 

were used to elucidate these differences.  

 

Experimental 

 

Synthesis: Iron 5,10,15,20-(tetra-4-aminophenyl)-

porphyrin (FeTAPP) aerogel and free-base 5,10,15,20-

(tetra-4-aminophenyl)porphyrin (H2TAPP) aerogel 

were synthesized with the same method as was 

reported in our previous work.40, 41 Nickel 5,10,15,20-

(tetra-4-aminophenyl)porphyrin (NiTAPP) aerogel 

was synthesized with an analogous method: 

NiCl2·6H2O (26 mg) was dissolved in 250 µL DMSO 

under stirring. Free-base porphyrin, 5,10,15,20-(tetra-

4-aminophenyl)porphyrin (TAPP) (10 mg, 98%, 

PorphyChem) was added to the solution, which was 

heated to 80°C and stirred for 30 min. 

Terephthalaldehyde (98%, Alfa Aeser) with a 1:2 

molar ratio of -NH2 to -CHO in DMSO (250 µL) was 

added as a crosslinker to form the gel. It was heated to 

80°C and kept at this temperature for 24 h. Mixed 

nickel iron 5,10,15,20-(tetra-4-aminophenyl)-

porphyrin NiFeTAPP aerogels with Ni:Fe ratios of 

50:50, 80:20, and 20:80, respectively, were 

synthesized by combining the syntheses of the 

monometallic materials: Two solutions were prepared, 

in the first NiCl2 ·6 H2O (21 mg, 28 mg, 11 mg, 

respectively) was dissolved in DMSO (125 µL) and 

TAPP was added (5 mg, 8 mg, 2 mg, respectively) and 

for the second solution FeCl2 ·4 H2O (16 mg, 9mg, 18 

mg, respectively) was dissolved in DMSO (125 µL) 

and TAPP (5 mg, 2 mg, 8 mg, respectively) was added. 

Both solutions were heated and stirred at 80°C for 30 

minutes. After that, the solutions were combined and 

the cross-linker solution (250 µL) was added. The 

solution was heated at 80°C for 24 h.  

The formed gels were covered in DMSO, which 

was exchanged once a day over the course of several 

weeks to wash out precursors. After then, the gel was 

covered in acetone, which was exchanged once a day 

over the course of one week. 

The gels were dried with CO2 under supercritical 

conditions in a critical-point dryer (Tousimis 931GL) 

to form the aerogels. 

Characterization: X-ray diffraction (XRD) 

patternss were measured with a Bruker-AXS D8-

Advanced Diffractometer, using CuKα (1.54 Å) 

radiation. XPS-spectra were conducted with a Thermo 

Scientific Nexsa spectrometer and XRF spectra were 

measured with a Horiba XGT 7200 V instrument. 

High-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) images were 

taken in a JEOL NEOARM, operated at 80 kV. 

Electrochemical methods: MTAPP aerogels (1 

mg) where dispersed in isopropanol (1 mL) and 

sonicated for 40 minutes. 3 times 5 µL of the slurry 

were drop casted on a GC electrode, which was 

previously polished with alumina slurry (0.3 µm and 

0.05 µm, successively), and dried in air. CVs were 

conducted in a standard three-electrode cell made of 

Teflon (Pine Instruments) with a GC rod as the counter 

electrode and a reversible hydrogen electrode (RHE) 

as the reference electrode. CVs were conducted at a 

scan rate of 50 mV/s and rotation speed of 900 rpm. 

The rotation is needed to disperse forming oxygen 

bubbles on the electrode. 1 M KOH (in deionized 

water; 18.2 M cm) was used as the electrolyte 

solution, which was degassed with Ar for 30 min prior 

to measurements. Ar was bubbled at a low rate for all 

measurements. A Bio-Logic VMP 300 bi-potentiostat 

was used to control the potential for all experiments. 

The catalyst was activated by cycling from 1.2 V vs. 

RHE to 1.55 V vs RHE for 20 cycles prior to 

measurement from 1.2 to 1.8 V vs. RHE. 

Computational calculations: Density functional 

theory (DFT) calculations using the Vienna ab initio 

simulation package (VASP) program was 

performed,43, 44 using spin polarized calculation with 

the formalism of Duradev et al.44 for the transition 

metal ions. For the effective modelling of DFT+U, U-

J terms of 5.5 and 4 for Ni45-49 and Fe50, 51 were used, 

respectively, as reported in literature. Perdew-Burke-

Ernzerhof (PBE)52 exchange-correlation functional of 

the generalized gradient approximation (GGA) was 

used. The Projected augmented wave (PAW) 

potentials53, 54 include the contribution of core 

electrons of each atom. The use of the above-

mentioned level of theory for porphyrin rings has been 

used in previous literature and hence chosen here 

too.55-59 An energy cut off of 600 eV with KPOINT 

mesh of 1x1x1 was used. At first, a unit cell of 

NiTAPP was built and then minimized with energy 

and force convergence criteria of 1e-4 eV and -0.03 eV 

Å−1, respectively. Then, the optimized cell was 

multiplied in the X and Y direction to build the 

aerogels with three and four porphyrin rings to 
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represent the required ratio as used in the experiments. 

In the three-ring system when one of the rings contains 

Ni and two contain Fe, the required ratio represented 

is 33:67. Four ring systems with two and three Fe, 

respectively, have the ratios of 50:50 and 25:75. Due 

to the large size of the aerogel system and the smaller 

importance of ligands (as will be demonstrated in the 

results section), for the multiplied unit cell only single 

point energy calculation was done. Gaussian smearing 

was used with symmetry imposition for all 

calculations.  

 

Results and Discussion 

 

Nickel and nickel-iron 5,10,15,20-(tetra-4-

aminophenyl) porphyrin (NiTAPP and NixFeyTAPP, 

respectively) aerogels (AG) were synthesized for the 

first time for this work. TAPP was metalated with the 

desired metal chloride salt/s, and was used as the 

monomer for the gel. It was polymerized via a 

polycondensation reaction of the aminophenyl groups 

on the porphyrin ring together with an aldehyde cross-

linker as shown in Scheme 1. The ratio of Ni:Fe can 

be easily controlled by the amounts of precursors used 

for the reaction. However, the ratios measured by XRF 

differ from the amount used during synthesis as shown 

in Table 1, while no impurities by any other metals 

were detected. This difference can be explained by 

lower Fe metalation yield than expected and the 

remaining of some free-base TAPP porphyrins. The 

gels were supercritically dried using liquid CO2 and 

formed reddish-brown aerogels. An image of 5 mg of 

NiTAPP porphyrin powder and NiTAPP aerogel 

synthesized from it is shown in Figure 1.  

XRD diffractions of NiFeTAPP AG 35:65 is 

shown in Figure 2. The diffraction is composed 

mostly of background noise, as is expected from an 

aerogel. There are some small peaks at 2 = 11, 17, 26, 

34, 35, 39, 46, 52, and 56°, which correspond to  

NiFeOx, FeOx, and oxyhydroxide materials.18, 27, 60 

Judging from their intensity, only small amount of 

metallic or oxidized metals were left in the aerogel 

after the synthesis.  

The XPS spectra for NiTAPP AG are shown in 

Figure S1 and spectra for the mixed metal materials 

are shown in Figures S2-4. The Fe2p XPS spectra 

look very similar to the ones reported by us for 

FeTAPP aerogel in the past.40, 41 The only differences 

are tiny shifts in the binding energies depending on the 

Ni:Fe ratios. They are located around 712 and 725 eV 

in all materials and confirm that Fe is in the oxidation 

Table 1: Ratio of Ni:Fe in MTAPP aerogels. 

Ratio Ni:Fe 

(used for 

synthesis) 

Ratio Ni:Fe 

(measured 

with XRF) 

Ratio Ni:Fe 

(used for DFT 

calculations) 

50:50 35:65 33:67 

80:20 61:39 50:50 

20:80 24:76 25:75 

 

 

Figure 1: Comparison of NiTAPP powder and NiTAPP 

aerogel. Both samples in the picture weigh about 5 mg (the 

pictures were taken on a millimetric paper to give a sense 

of scale). 

 

Scheme 1: Synthesis of MTAPP aerogels. 
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state +3. The Ni2p peaks are located at around 855 and 

872 eV and both have small satellite peaks. They show 

that Ni is in the oxidation state +2. The N1s spectra 

show peaks for N1+ around 401 eV, pyrrolic N around 

400 eV, and a large peak for metal-N species around 

399 eV. The peaks for N-Ni and N-Fe are located at 

the same binding energy and could not be 

distinguished.61 All the nitrogen peaks agree very well 

with literature.62, 63  

HAADF-STEM images of NiFeTAPP AG 35:65 

are shown in Figure 3. Figure 3A shows a fragment of 

the porous, 3D covalent framework (COF) on the 

micrometer scale, as is expected of aerogels. The 

macrostructure is composed of interconnected flaky 

sphere-like units. Figure 3B and 3C shows these units 

with greater magnification. The material appears to 

have a high degree of micropores and to be very airy. 

Only insignificant metallic residues were observed, as 

was expected form XRD measurements.  

All synthesized materials show electrocatalytic 

OER activity in alkaline medium (1 M KOH) as 

presented in Figure 4. The free-base aerogel, devoid  

of the metals, shows no OER activity, whereas the rest 

are showing much better activity after the addition of 

the metals, starting with FeTAPP AG that reaches a bit 

more than 0.5 mA cm-2 at 1.8 V vs. RHE, whereas 

NiTAPP AG almost goes as high as 1.5 mA cm-2 at the 

same potential. The activity of the mixed NixFeyTAPP 

aerogels is around that of the mono-metallic aerogels 

or higher. NiFeTAPP AG35:65 is the most active 

reaching 2.8 mA cm-2 at 1.8 V vs. RHE, followed by 

NiFeTAPP AG60:40 with 1.7 mA cm-2, and 

NiFeTAPP AG24:76 with 0.7 mA cm-2 at the same 

potential. It is important to highlight that the optimum 

Ni:Fe ratio in the case of these new aerogels is 

different than in NiFeOOH derived materials, which 

are known to reach the highest OER activity with an 

iron content of between 15-25 % and a sharp activity 

drop when the Fe content increases beyond 50%, 

whereas in the case of the NixFeyTAPP aerogels, the 

best performance was obtained with relatively high Fe 
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Figure 2: XRD diffraction of NiFeTAPP AG 35:65. 

 

(C) 

(A)

  

Figure 3: HAADF-STEM images of NiFeTAPP AG35:65 showing (A) interconnected, porous structure, (B) connected polymer 

structure, and (C) high magnification of aerogel structure. 
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Figure 4: CVs of NiTAPP AG, FeTAPP AG, NixFeyTAPP 

AG, and H2TAPP AG in deaerated 1M KOH solution in DI 

water (scan rate 50 mV/s). 
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content.23, 26, 28  The aerogel with 35:65 Ni:Fe ratio 

shows higher activity than that of lower Fe content, 

and a sharp decline in activity appears at an Fe content 

of 76%.  

The fact that the free-base aerogel shows no 

activity at all, proves that the metals are required to 

make the aerogels OER active. Previous studies show 

that Ni-based materials are not very active at all and 

need Fe dopants to catalyze OER.23, 64 Here, NiTAPP 

showed some activity but is outperformed by two 

mixed metal materials. Purely Fe based materials are 

not very active as well. It is assumed that synergistic 

effects of Ni and Fe in certain ratios are necessary for 

the reaction to execute effectively. This seems to be 

confirmed here. Similar to NiFeOOH OER catalysts, 

where the synergistic effects between Ni and Fe were 

explained by the proximity of these atoms which 

facilitates electron transfer or sharing between the 

metals, in the conjugated aromatic TAPP structure, the 

electrons can move freely, and electron exchange 

between the different metals can be facilitated as well. 

Another possible explanation for the high activity of 

the aerogels is high utilization of active centers, owing 

to their high surface area and large void volume, which 

theoretically allows the availability of each possible 

active site, whereas in the case of crystallite 

NiFeOOH, significant amounts of the metals are 

hidden inside the catalyst lattice and not available. 

Hence, it is possible that the sheer number of available 

catalytic sites is helping reach this high activity.  

The differences in activities between the aerogels 

can be explained from DFT calculations. The effect of 

the ligands and linkers was examined. The oxidation 

state of Ni and the Partial Density of States (PDOS) 

does not change near the Fermi level when increasing 

the ligand size (Figure S5), which indicates that the 

electronic structure is affected only by the metal 

centers. 

There are several features in the electronic 

structure of NiFeTAPP AG33:67 that may explain its 

good OER activity: (1) low oxidation states of the 

transition metals which can facilitate easier oxidation, 

(2) the edge of the valence band is dominated by metal 

states and therefore oxidation is energetically 

favorable from the metal states, and (3) low band gap 

for facile transfer of charge carriers. Table 2 shows the 

bandgap values for each system, and Figure 5 shows 

the respective PDOS with peaks near the Fermi level. 

From Table 2 the Ni:Fe ratio 33:67 indeed has the 

lowest bandgap of 0.03 eV. From Figure 5, a very 

sharp peak of Fe at the Fermi level was observed, 

which facilitates easy transfer of electrons for the 

OER. The observed oxidation states of Ni and Fe are 

+4 and +2, respectively. Note that the oxidation states 

are evaluated based on magnetic moment by DFT 

calculations and the oxidation state of Fe can be either 

Table 2: The bandgap values of the aerogel-type systems are 

represented below. System column represents the aerogel 

type used to study the particular ratio.  

System Bandgap / eV 

Porphyrin (Ni) 1.60 

Porphyrin (Ni) 

with small ligand 

1.55 

Porphyrin (Ni) 

with big ligand 

1.50 

NiTAPP (0 Fe) 1.50 

FeTAPP (0 Ni) 1.59 

NiFeTAPP (33:67) 0.03 

NiFeTAPP (25:75) 0.07 

NiFeTAPP (50:50) 0.09 

 
(A) 

(B) 

(C) 

(D) 

Figure 5: The simulated aerogels structures with the 

theoretical and experimental ratios, respectively, and 

corresponding PDOS. (A) Ni unit cell, (B) NiFeTAPP (Ni:Fe 

= 33:67 ~ 35:65), (C) NiFeTAPP (Ni:Fe = 50:50 ~ 60:40), (D) 

NiFeTAPP (Ni:Fe = 25:75 ~ 24:76). 
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+2 or +4, but in any case, must be lower than the 

oxidation state of Fe in the other NiFeTAPP 

compounds due to the higher magnetic moment of Fe. 

Since Fe is in a lower oxidation state, when OER takes 

place at the Fe center it can increase its oxidation state 

and can donate electrons easily.  

The second-best ratio as found by electrochemical 

experiments is 60:40, which in computational study 

was considered close to 50:50. The bandgap observed 

here is 0.09 eV and there is also a peak of Fe near the 

Fermi level. The oxidation states of Ni and Fe are +4 

and +5, respectively. Since the Fe is already in a high 

oxidation state, loss of an electron from these centers 

is difficult and this explains the lower OER activity at 

this metals ratio. It is similar in the case for 25:75, even 

though there are Fe peaks near the Fermi level. The 

oxidation states for Fe are as high as +5 and +6, thus 

extraction of electrons from the Fe becomes more 

difficult and the OER activity decreases further, even 

below the mono NiTAPP material. Moreover, it has 

been experimentally observed that aerogels with just 

Fe show lower activity than aerogels with Ni. At high 

potentials, relevant for OER, the oxidation state of the 

Fe in the FeTAPP is +4, and for the Ni in NiTAPP is 

+4 as well. The high oxidation state of Fe does not 

allow easy electron transfer during OER. Similar is the 

case of only Ni. Further, for the cases where just Fe or 

Ni metal ions are present in the porphyrin ring, there 

is no peak of the metal ion near the Fermi level (Figure 

S6).  

At lower potentials (around 1.5 V vs. RHE) the 

aerogels show a small redox peak which is attributed 

to the oxidation of Ni2+ to Ni3+/4+ and is expected of 

Ni-based materials at these potentials and explains 

why the calculated oxidation state is higher than the 

one measured with XPS. An example of such a peak is 

shown in Figure S7 in the SI. That peak is not seen in 

FeTAPP and H2TAPP aerogels. It is analogous to 

NiFeOOH based materials where these oxidation 

levels are necessary to activate the catalysts for the 

OER. This confirms that electrons can move freely 

throughout the aromatic system in the ligands and have 

analogous behavior to NiFeOOH. Hence, structural 

proximity of the metals is not necessary for the 

synergistic effect, and that all is needed is a way to 

facilitate electron sharin/transfer between the metal 

centers. 

 

Conclusion 

 

NiTAPP and mixed NixFeyTAPP aerogels were 

synthesized and characterized for the first time with a 

modified method to was developed by us previously. 

All of the materials showed electrocatalytic activity 

towards OER. The Ni:Fe ratio activity trend is 

different in the case of porphyrin aerogels when 

compared to inorganic NiFeOOH derived materials, 

where, in the former, higher Fe loadings were required 

in order to reach the highest activity. Different ratios 

of Ni:Fe in porphyrin aerogels have different 

bandgaps, metal ion oxidation states, and density of 

states at the valence band edge. The most influential 

parameter that may be responsible for the higher 

activity of NiFeTAPP AG33:67 is the low oxidation 

state (associated with a higher magnetic moment) of 

Fe  in this specific stoichiometry that can readily allow 

oxidation for OER. The experimental results were 

confirmed by DFT calculations and it was shown that 

the synergistic effects of Ni and Fe in OER catalysis 

depends on facilitating electron sharing between the 

metals and not only their structural proximity to each 

other. 
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