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Abstract 
 

In order to increase the flexibility of renewable energies and improve their integration into existing energy 

grids, efficient intermediate storage is necessary. High-purity hydrogen produced in a water electrolysis cell 

is a suitable energy carrier. However, the use of some electrolyzers is associated with high costs due to the 

required use of precious metals as catalysts, while others have disadvantages in terms of load modulation. 

In this sense anion exchange membrane water electrolysis (AEMWE) arises as an attractive alternative 

technology that combines convenient features of other type of electrolyzers. Nevertheless, there is a 

necessity in improvement regarding the performance of AEMWE. The oxygen evolution reaction (OER) in the 

anode, is the major source of energy loss and therefore, there is potential to optimize OER catalysts. 

In this work, supported catalysts for the OER were developed using Metal-Organic Frameworks (MOF74) 

dopped with Ni and/or Co and fibers obtained from an electrospinning process, as supporting material. 

The MOFs were pyrolyzed to obtain a carbon scaffold with finely dispersed transition metals, as well as the 

polymer fibers, which structure the catalyst, allowing to tune conductivity and mass transport. 

Two different routes for combining the MOFs with the fibers were studied. 

In order to investigate the electrospinning process, polymer concentration, solvent, applied voltage and 

polymer were varied. The improved parameters were selected and Polyacrylonitrile (PAN) fibers were 

successfully electrospun and pyrolyzed. 

The MOFs were characterized physically, chemically and electrochemically. Pure Ni-MOF74 showed 

increasing current along the Cyclic Voltammetry cycles, reaching a mass-specific current of 732 mA mg -1 

after 50 cycles. 

A supported catalyst was obtained after impregnation of the Ni-MOF74 over the pyrolyzed fibers and 

characterized. The combined catalyst showed a similar behavior compared with the pure Ni-MOF74. 
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1 Introduction  
For many decades there has been a major dependency on fossil fuels as a source of primary energy and as 

an energy carrier. However, there is limited amount of fossil fuel reserves to fulfill the ever-growing world 

consumption. In addition and not less important, greenhouse gas (GHG) emissions produced from fossil 

fuel combustion present a serious and increasing global environmental problem [1]. As a consequence of 

the increased GHG presence in the atmosphere, the global average temperature is estimated to increase 

by more than 3°C by 2050, which will cause unavoidable climate change and have considerable economic 

and social impacts [2]. In order to mitigate the effects of GHG emissions, research in developing 

technologies that utilize alternative and carbon-free energy resources has been intensified in the last 

decades. 

One promising replacement for fossil fuels as energy carrier is the hydrogen. It is the most abundant 

energy carrier, and also present appealing characteristics as it is non-toxic, has a high mass energy density 

(39.4 kWh kg−1) [3], and high energy efficiency (>70%)  [4]. However, the majority of hydrogen produced 

commercially comes from industrial steam reforming processes. This processes that involve natural gases  

still emits a significant amount of CO2 . Therefore other alternative technologies have been investigated 

to facilitate carbon-free production of hydrogen on an industrial scale such as thermolysis, photocatalysis, 

biomass gasification, and electrolysis  [5].  

Of these technologies, electrochemical water splitting employing renewable power sources is considered 

as a particularly feasible technology for the production of carbon-free hydrogen [4]. In this technology, a 

conventional electrolyzer uses a porous diaphragm that separates the anode and cathode in an alkaline 

solution [4,6]. The diaphragm conducts ions whilst also separating the produced hydrogen and oxygen into 

different chambers. This water electrolyzers based on liquid electrolytes are already being used 

commercially to produce highly purified and pressurized hydrogen  [7]. Research on electrolyzer 

technology, however, has been focused on developing a system based on a solid polymer electrolyte 

membrane [7]. An electrolyzer based on a solid polymer electrolyte membrane consists of a membrane 

electrode assembly (MEA), with electrodes located on both sides of the electrolyte membrane [5]. 

 

This type of electrolyzers provide several advantages, compared to porous diaphragm electrolyzers, 

including improved operational efficiency and safety and simple gas separation [8]. 

The polymer electrolyte membrane based electrolysis systems are classified into proton exchange 

membrane water electrolysis (PEMWE) and anion exchange membrane water electrolysis (AEMWE). This 

is based on the types of ions conducted through the polymer membrane.  

 

PEMWE exhibits greater hydrogen production energy efficiency compared to AEMWE owing to the high 

conductivity of the employed electrolyte membrane  [9].  However, PEMWE requires the use of expensive 

and scarce noble catalysts such as iridium and ruthenium oxides. This is due to the fact that the catalysis 

of the oxygen evolution reaction (OER) occurs in corrosive acid electrolytes  [10]  

 

On the other hand, AEMWE works under alkaline conditions that allows non-noble metal oxides such as 

cobalt and nickel derivatives to be used as the water oxidation catalyst. This occurs as a result of their 

favorable OER activities in basic solutions.  
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This possibility represents a great advantage of AEMWE compared to PEMWE and can significantly reduce 

the associated costs since Ni or Co are substantially cheaper than Ir and Co [6]. However, the operation 

current density is higher in PEMWE. Comparing this two technologies in terms of operational current 

density, at the same working conditions (50°C, IrO2 as the OER catalyst), showed that the density reported 

for AEMWE (approximately 0.5 A cm−2 at 1.8 V)  [11] is considerably lower than that reported for PEMWE 

(0.9 A cm−2 at 1.8 V)  [12]  

Therefore, there is a necessity in improvement regarding the performance of AEMWE in order to be 

comparable with PEMWE. 

To improve the cell performance of AEMWE, investigation of water electrolysis catalysts with higher 

activity should be done. The oxygen evolution reaction (OER) in the anode is a bottleneck for water 

splitting efficiency due to the sluggish kinetics of the 4 e- transfer [13]. Therefore, this work proposes to 

investigate and characterize materials to be used as an OER catalyst and analyze the steps involved in its 

synthesis. 

 

For this purpose, metal–organic frameworks (MOFs) were selected as part of the catalyst. The MOFs are 

crystalline materials that are composed of metal ions connected by organic linkers with a periodic, nano 

scaled structure and ultrahigh surface areas. They present tunable pore, flexible structure, and large surface-

to-volume ratio. Due to this MOFs have a large potential in catalysis process [14]. 

Currently, intensive efforts are focusing on the structuring of MOFs at a bigger scale to use them as coatings, 

membranes [14], but the main problem is the intrinsic fragility of MOFs. This is related to the 

inorganic/organic hybrid character, resulting in a limited thermal and mechanical stability. 

Alternatively, a more effective way to structure MOFs is the combination with polymer materials. The 

polymer which acts as a binder improves the mechanical flexibility and ensures chemical stability. 

Nevertheless, the integration of MOFs into a polymer matrix can result in poor MOF-polymer dispersion and 

compatibility issues. 

 

One technic that shows a possible solution to this integration is the electrospinning. The electrospinning is a 

fabrication method to produce continuous ultrafine fibers with diameters in the range of a few tens of 

nanometers/micrometers in the form of nonwoven mats, yarns, etc. The mechanism is based on the ejection 

and elongation of a viscous polymer melt or solution under a high-voltage electric field which is then 

solidified in the electrified fluid jet on a collector [14]. 

 

As a precedent, electrospinning has recently been reported as an elegant approach for shaping various MOFs 

into hybrid materials with multiscale porosity and additional functionalities [14]. Also, the highly open and 

interconnected nanofiber structure showed excellent access of fluids that are appealing to catalysis. This 

way the polymer matrix allows the shaping but could also improves the handling, deployment, and 

regeneration of the composite material. This unique combination of properties makes porous MOF nanofiber 

structures a promising solution for OER catalyst. 

 

In this work several MOFs candidates for OER catalyst and different polymers were combined through 

electrospinning technique. Afterwards the performance of these combinations, in order to finally be used as 

catalyst in AEMWE, was tested.   
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2 Theoretical background 
In this chapter theory behind electrolysis principles is presented. In addition, some important aspects 

involved in the experimental process are overviewed, such as electrospinning basics, metal organic 

frameworks compounds characteristics (MOFs) and calcination principles.   

2.1 Water Electrolysis 

 

2.1.1 Electrochemical general basics 

The process by which an electric current from an external source produces an oxidation-reduction chemical 

reaction in a chemical cell is called electrolysis. Basically, the electrolysis is the reversal of the processes in a 

fuel cell. Electrolysis thus converts electrical energy into chemical energy, resulting in the production of new 

compounds.  

The already mentioned oxidation-reduction chemical reactions take place at the electrodes. At the anode, 

chemical species are oxidized by donating electrons, while at the cathode, chemical species are reduced by 

accepting electrons.  In an electrolyzer, the electrons at the anode migrate to the cathode through an 

external circuit and this flux is promoted by an external power supply. At the same time, charge equalization 

takes place within the cell via ion transport through the membrane.  

The cell voltage can be determined from the difference in the standard 𝐸00reaction potentials in the two 

electrodes. These values are compared against the standard hydrogen electrode (SHE) [15]. Taking into 

account dependencies such as concentration, pressure and temperature, the electrode potential results 

from 𝐸0the Nernst equation [16]: 

𝐸0 =  𝐸00 +  
𝑅𝑇

𝑧𝐹
ln (

𝑎𝑂𝑥

𝑎𝑅𝑒𝑑
) 

 

( 1 ) 

 
  

Where 𝑅 is the universal gas constant, 𝑎 represents the activity of the oxidized or reduced chemical species. 

In the case of gases, the activity results from the partial pressure of the respective component. In the case 

of ions, the concentration corresponds to the activity. 

Therefore, the equilibrium cell voltage 𝑈0results from the difference of the electrode potentials: 

𝑈0 = 𝛥𝐸 = 𝐸0(𝐶𝑎𝑡ℎ𝑜𝑑𝑒) − 𝐸0(𝐴𝑛𝑜𝑑𝑒) 

 

( 2 ) 

 
In the case of water electrolysis, the following equation corresponds to the overall reaction: 

2 H2O(l)  →  2  H2(g)  +  𝑂2(g)  

 

( 3 ) 

 

 

In Figure 1 a scheme of a water electrolytic cell is shown. 
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Figure 1:  Schematic structure of an alkaline electrolytic cell [17]. 

 

As it was introduced before, electrolysis takes place in a vessel filled with conductive electrolyte. This 

electrolyte could be acid or alkaline. Depending on this the ions that are transported in the solution are 

H+ in the case of acid electrolytes and OH- in the alkaline ones.  

Immersed in this vessel are the anode (+) and the cathode (-) where the oxidation and reduction 

reactions occur respectively. 

These cells are operated with direct current. The electrolysis can be divided into two partial reactions 

taking place in each electrode.  

On the cathode, the hydrogen evolution reaction (HER) takes place. The HER can be formulated as 

shown in equation ( 4 ).  

4 𝐻2𝑂 (𝑙) + 4 𝑒− →  2𝐻2(𝑔)
+ 4𝑂𝐻−

(𝑎𝑞) 

 

( 4 ) 

 

The left side shows the oxygen evolution reaction (OER), which proceeds as shown in equation ( 5 ). 

4𝑂𝐻− (𝑎𝑞) → 𝑂2(𝑔) + 2 𝐻2𝑂 (𝑙) +  4 𝑒− 

 

( 5 ) 

 
 

Regarding the potentials of the partial reactions is E0,OER = +0.401 (V vs. SHE) and E0,HER = -0.829 (V vs. SHE). 

Thus, for alkaline water electrolysis to occur, a minimum voltage is required (reversible voltage, Urev), which, 

according to the semi reactions potential (E0) from Equations ( 1 ) and ( 2 ), is equal to 1.23 V (E0,OER – E0,HER) 

at standard conditions (1 bar and 25 °C) [17]. 
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However, the real cell voltage (U) is always higher than the latter because of irreversibilities or 

overpotentials. Therefore, the real cell voltage can be defined as the sum of reversible voltage (Urev) 

and the overpotentials (𝜂), as shown in Equation ( 6 ): 

𝑈 = 𝑈𝑟𝑒𝑣 + ∑ 𝜂  

 

( 6 ) 

 
 

The term ∑ 𝜂 is the sum of activation, ohmic, and concentration overpotentials. These overpotentials 

are defined as follows [6]:  

(1) Activation overpotentials: related to activation energies of hydrogen and oxygen formation 

reactions on the surface of electrodes. 

(2) Ohmic overpotentials: sum of the electrical resistance of several components such as electrodes, 

current collectors, etc., and the transport resistance related to gas bubbles, ionic transfer in the 

electrolyte 

(3) Concentration overpotentials: due to mass-transport limitations occurring on the surface of the 

electrodes at high currents. 

The total contribution of these overpotentials to the cell voltage (U) can be analyzed through the 

polarization curve of an electrolysis cell, as represented in Figure 2. 

 

Figure 2: Graphical representation of a polarization curve with the contribution of each overpotential [17]. 

The power density  𝑃  is used to assess the efficiency of electrolysis and results from the product of current 

density and voltage. This is that at a given cell voltage  a higher current density means a higher efficiency [15]. 

This higher efficiency is thus related to lower resistance. 
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2.1.2 Technologies: Alkaline electrolysis  

There are several existing technologies to electrolyze water as shown in Figure 3 [18].  

Among these technologies a technology already in the market is the Proton Exchange Membrane 

(PEM) type, where proton is the transport ion. This technology has good performance since it 

achieves significantly higher current densities [19]. compared to other technologies like Alkaline 

Electrolyzers (AE) as could be seen in Figure 4, that leads to higher production rates and more compact 

systems. As a negative side, to achieve this high loadings rare and expensive metals for catalysts and 

expensive corrosion resistant components are required (for example, bipolar plates based on high-

quality Ti).  

 

 

Figure 3: Water splitting electrolysis technologies for hydrogen production [18]. 
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Figure 4: Comparison between alkaline, polymer electrolyzer membrane (PEM), and solid oxide electrolyzers in terms of voltage vs. 
current density [19]. 

 

 

As an alternative to these expensive components, the AE presents as a mature technology for H2 

production up to the MW scale and represents the most widely used electrolytic technology on a 

commercial level worldwide. 

In this type of electrolyzes the most used anode and cathode materials are low-cost nickel or nickel 

alloy-plated steel materials [20], but AE has challenges as the handling of the corrosive electrolyte 

(alkaline media, like concentrated KOH solution) and limited current densities due to moderate OH - 

mobility. Furthermore, the diaphragm in between the two electrodes does not completely prevent the 

cross-over of gases from one half-cell to the other and this reduces the efficiency of the electrolyzer, since 

oxygen reacts with the hydrogen present on the cathode side to form water. Additionally, extensive mixing 

(particularly hydrogen diffusion to the O2 evolution half-cell) also occurs and must be avoided for safety 

aspects [20].  

Trying to keep the best aspects of the PEM and AE, the Alkaline Exchange Membrane (AEM) was 

designed. Basically, this technology aims to combining the advantages of PEM (membrane separation, 

pure water feed) with the advantages of AE (cheaper and abundant materials for catalyser and an 

inexpensive nickel-based stack components [21,22]. 

 

AEM electrolyzers work with an alkaline environment at the membrane interface provided by the 

immobilized positively charged functional groups on the polymer backbone or on pendant polymeric 

side chains.   
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However, current AEM electrolyzers still need to be improved in terms of ionic conductivity, power 

efficiency, medium range membrane stability, the Ohmic resistance loss and catalyst loading [23]. 

Therefore, there is growing interest in developing a solid polymer anion exchange membrane, but more 

efforts are required regarding the catalyst design and synthesis.  

A schematic and the overall cell reaction for AEM electrolysis are shown in Figure 5. 

 

Figure 5: Single-cell components in AEM water electrolysis [24]. 

 

One aspect that shows the difference between these technologies is the efficiency. The efficiency for 

electrolyzers is defined in terms of the hydrogen produced per unit of electricity used to drive the 

electrochemical reaction. This efficiency would be 100% if all the electrons transported to the electrode 

conducted an effective electrochemical reaction [25]. The highest efficiency is shown by PEM performing 

between 70 and 90%; followed by AE with an efficiency between 60 and 80%. The smallest efficiency range 

is shown by AEM that is between 50 and 70%. 

Another point to be compared is the purity of the hydrogen that is obtained. While in PEM a high purity of 

up to 99.9995% could be obtained, in the case of AE this value amounts to only 99.5%.  In this aspect AEM 

represents an improvement over AE with a purity of 99.9% [25]. 

Regarding the operating conditions, AE works at lower pressures than PEM, the first ones between 1-30 bar, 

compared to the range of 50-80 bar of the second ones. In the case of AEM they work in the same range as 

AE. Regarding the working temperature, AE and PEM have similar working ranges, 60-80 °C and 50-80 °C 

respectively, while AEM operates in a lower range between 50-60 °C [20].  

These characteristics and some further comparisons are summarized in Table 1. 
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Table 1: Comparison of the main characteristics of alkaline, PEM and AEM water electrolysis [20]. 
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2.2 Metal Organic Frameworks (MOFs) 

 

Metal–organic frameworks (MOFs) are a group of compounds consisting of metal ions or clusters 
coordinated to organic ligands to form one-, two-, or three-dimensional structures.  

 

MOF-74 are a family of MOF constructed by the coordination of divalent transition metals and 
2,5dioxidoterephthalate with a formula of M2(DOT)(H2O)2 (M = Mg, Mn, Fe, Co, Ni, and Zn; DOT = 2,5-
dihydroxyterephthalate) [26]. 

The synthesis of MOF-74 can be carried out under mild reaction conditions and the use of harmful 
reagents and solvents can be avoided. After the synthesis, the MOF-74 could be “activated” by the 
extraction of the solvents absorbed by the structure, by a controlled vaccum process. 

In Figure 6 is showed a scheme of the synthesis and the obtained MOF-74, with MG as the divalent 
metal, as an example. 

 

 

Figure 6: Single crystal structure of Mg-MOF-74, formed by reaction of the DOT linker with Mg(NO3)2-6H2O. C atoms are 
shown in gray, O atoms in red, 6-coordinate Mg atoms a and terminal ligands in pink, and 5-coordinate Mg atoms in blue. H 

atoms and terminal ligands on the fragment at top right are omitted for clarity [27]. 

The following figure provides a clearer view of the metal sites (in this case, with a Ni-MOF-74 as the 

example). 
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Figure 7: Representation of the fully desolvated Ni(dhtp) structure showing the hexagonal 1D channels (upper picture: view 
towards the (113) plane, lower picture: view towards the (120) plane) [28]. 

Some possible applications of MOFs, that received considerable attention over the past decade, are 

in the field of gas purification and storage as well as catalysis and drug delivery [29]. 

An interesting characteristic features of MOF-74 is the composition of the divalent metals nodes (M = 

Mg, Mn, Fe, Co, Ni, Zn, etc.) that can be widely selected and modified [30]. 

 Through controlled thermal treatment, mixed metals could be sequentially degraded from MOF 

substrate to obtain highly active heteroparticles which are difficult to construct by conventional 

methods. These features make MOF-74 an ideal precursor to synthesize composite catalysts with 

extensively tunable properties. [26] This is due to the fact that an efficient electrocatalyst for OER 

should offer fast mass transport and accessible active sites of its own. 

One strategy to achieve this challenging goal is to prepare a MOFs and then pyrolyze it to obtain a 

carbon support with homogeneously distributed metal sites. 

The periodic arrangement of metal nodes and organic linkers in MOF structure leads to a 

homogeneous distribution of metal oxide nanoparticles and in situ formed carbon supports [31]. 

Therefore MOF-74 was chosen as the optimal material to be used as a precursor for the fabrication of 

electrocatalysts. In this work MOF-74 were synthesized, based on 2,5-dihydroxyterephthalic acid 

(DOT) and nickel and cobalt in different ratios, transition metals that showed good performance in 

OER [28]. 

In addition, the intrinsic fragility of MOFs needs to be considered which is related to the 

inorganic/organic hybrid character of this class of materials and the resulting limited thermal and 

mechanical stability. [32] Alternatively, a more effective way to structure MOFs is the combination 

with polymer materials. The polymer which acts as a binder improves the mechanical flexibility and 

ensures chemical stability [32].  
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2.3 Electrospinning 
 

Electrospinning is a fabrication method to produce continuous ultrafine fibers with diameters in 

the range of a few tens of nanometers to a few micrometers in the form of nonwoven mats, 

yarns, etc. In this method, an electrostatic force produced by a high voltage supply is used to 

drive the spinning process. This field is applied to droplets of polymer solution (or a melt) passed 

from the tip of a fine orifice [33]. 

The mechanism of electrospinning is based on the ejection and elongation of a viscous polymer 

melt or solution under a high-voltage electric field which is then solidified on a collector [34]. 

When an electric field is applied to a liquid droplet, an electrostatic charge accumulates at the tip 

of this droplet. Therefore, charge repulsion works against the surface tension, causing the shape 

to change from a spherical surface to an elongated cone shape (called Taylor Cone). As the liquid 

contains a polymer as a solute, the polymer viscosity will oppose the breaking up of the jet into 

droplets and produce a thread of polymer solution. 

As a result of the motion and stretching, solvent is removed, and the polymer thread elongated. 

 

In the electrospinning process the fibers transport charge across the gap between the charged 

needle and the grounded collector plate, closing the circuit. As reported by Fong et al. [35], during 

the electrospinning process the electric current due to ionic conduction of charge in the polymer 

solution is so small that is considered negligible, so the only mechanism of charge transport is the 

flow of polymer from the tip to the collector plate [36]. 

 

The equipment needed for electrospinning on a laboratory scale is relatively simple; in the basic 

setup there are three main components: the high voltage power supply, a syringe pump and the 

collector. A schematic of the equipment used for electrospinning is shown in Figure 8. 

 

Figure 8: Schematic of the equipment used for electrospinning [31]. 
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In this setup, the fibers are deposited as a random mat. If it is the case that a random mat is not 

suitable, and an array of aligned fires is required [37] a rotating collector could be used [38] . 

 

2.3.1 Processing Parameters 

 

There are many variable parameters that may affect the fiber properties, such as its diameter and 

morphology.  

These parameters could be classified into three categories: (a) polymeric solution parameters 

(concentration, viscosity, surface tension, molecular weight, and solvent type), (b) operation 

parameters (voltage, solution flow rate, needle-collector distance, needle tip design, collector 

geometry, and velocity), and (c) the ambient parameters (humidity and temperature) [34,39,40]. 

 

2.3.1.1 Concentration 

 

The viscosity of the polymer solution can be regulated by varying the concentration, and it is an 

important factor that affects the fiber morphology and diameter values. When a solid polymer is 

dissolved in a solvent, the solution viscosity is proportional to the polymer concentration. Thus, 

a higher polymer concentration gives a higher viscosity and a higher viscosity result in a larger 

fiber diameter [37]. 

The viscosity could be increased also by changing the molecular weight of the polymer in the 

solution [41].  

It has been found that the polymer concentration also affects the formation of the beads. Fong 

[35] recognized that higher polymer concentration resulted in fewer beads. It should be realized 

that with the higher concentration reported the beads were not reported to completely 

disappear. Instead, the bead diameters, if any, at higher concentrations were even larger. The 

shape of the beads changed from spherical to spindle like when the polymer concentration varied 

from low to high levels. 

Characterization of the formation of electrospun beaded nanofibers shows that solution viscosity, 

net charge density carried by the electrospinning jet and surface tension of the solution are the 

main factors. Higher viscosity favors formation of fibers without beads, higher net charge density 

not only favors formation of fibers without beads, but also favors the formation of thinner fibers. 

Surface tension drives towards the formation of beads, hence reduced surface tension favors the 

formation of fibers without beads [35]. 

Yang et al. [42] reported the same findings for low concentrations of polyvinylpyrrolidone (PVP) 

in solution producing the ‘beads-on-a-string’ morphology. At 20 wt % it was observed that the 

fibers formed a helical pattern on the collector, resulting from the bending instability of the 

process. The process was unsuccessful from 25 wt % as the viscosity of the solution was too high, 

meaning the surface tension had become too strong and prevented disruption of the Taylor cone. 

In addition, they found that further increase of concentration caused the average fiber diameter 
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to increase from 120 nm to 1.5 mm for concentrations of 2 wt% to 10 wt%. Gomes et al. [36] also 

reported an increase in the average diameter of fibers from 175 nm to 575 nm for concentrations 

of 4 wt% to 10 wt % of a precursor solution of polyacrylonitrile (PAN) in N,N dimethylformamide 

(DMF). The link between increasing the concentration of a solution and the resultant increase in 

fiber diameter could be explained as it follows. If there is more polymer in the Taylor cone at the 

point of disruption, there will be more polymer in the fiber jet and after drying a thicker fiber will 

be produced [34]. 

Though the viscosity supplies some control of the fiber parameters, other factors need to be 

considered. Surface tension may not contribute hugely to the tunability of the system in normal 

circumstances, but when the viscosity is low this will start to influence the fibers in terms of the 

beading [43]; conductivity increases the charge separation and increases elongation and thus it 

would seem an increase in conductivity will result in a decrease in fiber diameter [41].  

 

2.3.1.2 Solvent 

 

Electrospinning should be carried out in a suitable solvent. Though many of the crucial 

parameters (such as viscosity) depend on the properties of the polymer, the solvent is also 

important in the electrospinning process.  

Particularly important factors are: the vapor pressure, which can have a major effect on polymer 

morphology; the polarity which will influence the conductivity and hence interaction with the 

electric field; and finally, the surface tension, which is a force to be overcome by the electric field 

[41].  

Yang et al. [42] investigated the influence of solvent on electrospinning poly(vinyl pyrrolidone), 

showing that the morphology of the nanofibers electrospun from ethanol, dichloromethane 

(MC), and DMF strongly depends on the type of the solvents used. Nanofibers from ethanol were 

largely smooth, with a wide diameter distribution ranging from 100 to 625 nm while a lot of beads 

exist on the nanofibers from the DMF and MC solution. This formation could be attributed to the 

high surface tension and low viscosity of the PVP/DMF and PVP/MC solutions, whereas the 

PVP/ethanol solution possesses a lower tension and higher viscosity. They also investigated the 

effect of both mixed solvents, ethanol/MC and ethanol/DMF finding that the surface tension and 

solution viscosity could been adjusted by changing the mass ratio. They reported that the mixed 

solvent ethanol/DMF with a mass ratio of 50/50 was found to be a good solvent to produce 

thinner fibers with no beaded formation. 

 

2.3.1.3 Voltage 

 

Regarding the influence of the voltage applied in the fiber morphology Zhang et al. [44] observed 

that the fiber diameter of PVA nanofibers increased with the increase in high voltage and Gomes 

et al. [36] observed the same effect on PAN nanofibers. They also reported that applied voltage 

strongly affects the shape, length and morphology of the fibers. Other researchers like Yuan et 
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al. [45] claim that the higher voltages facilitate the formation of smaller fibers because of the 

increase in electrostatic repulsive forces, thus, more stretching.  

 

2.3.1.4 Flow rate 

 

The flow rate is also an important factor which affects the velocity of the jet and fiber diameter. 

In general, a lower flow rate is preferred to avoid beaded fibers as the solution gets enough time 

to dry with higher stretching forces on jet. Yuan et al. [45] investigated the morphological change 

on polysulfone (PSF) fibers with the change in flow rate and observed lower diameters at a lower 

flow rate 

 

2.3.1.5 Collecting distance 

 

The distance between the collector and the needle regulates the electric field intensity which in 

turn controls the fiber morphology. Increasing the distance will increase the time of flight, 

resulting in stretched and further elongated fibers [46]. Beads start to appear with a higher 

distance between the needle and the collector, but formation of beads could also be seen with 

lower distances as the time to solidify is not sufficient [47]. 

Lower distance avoids solvent drying, and fibers stick to each other [39]. The solvent drying 

phenomenon is an important aspect as it morphs the fiber geometry, so distance needs to be 

optimized. Yuan et al. [45] observed lower diameter values at larger distances.  

 

 

Regarding the compared influence of the parameters in the fiber size and morphology, the 

concentration showed to be the most important factor. Also the election of the solvent proved 

to be a decisive factor [42]. 

Utkarsh et al. [39] studied the effects of five major parameters on the electrospinning of different 

PVP-ethanol solutions and the minimum fiber diameter was found to be controlled by two main 

design variables: polymer concentration and voltage applied, as both showed significant effects 

on the measured fiber morphology. On the other hand, the flow rate, and collecting distance had 

the least significant effects compared to the other two. 

 

2.3.2 Materials 

 

A lot of polymer-solvent systems have been used to produce nanofibers via electrospinning. The 

important features are the solubility or the ability to melt the polymer, and that the molecular 

weight is sufficiently high to allow entanglements between polymer chains [41]. 
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Some examples are polystyrene (PS) in tetrahydrofurane (THF), polyvinylpyrrolidone (PVP) in 

ethanol (EtOH), and polyacrylonitrile (PAN) in dimethylformamide (DMF) [48]. 

 

Electrospinning has been used to prepare more complex systems than simple polymers  

Inorganic materials can be produced by electrospinning; for example, a metal oxide/polymer 

mixture. In addition, composite fibers have been prepared, incorporating a range of particles for 

example, carbon nanotubes have been incorporated into poly(acrylonitrile) which on pyrolysis 

produce carbon fibers [34]. 

 

Combination of MOFs with the electrospinning 

 

Another material that could be incorporated to the fibers are the MOFs. Electrospinning has 

recently been reported for shaping various MOFs into hybrid. MOF/polymer nanofibers with 

hierarchical porous structure combine the advantages of both types of materials, including 

structural flexibility, light weight, large surface area-to-volume ratio, high porosity, and tunable 

pore size at varied length scale [32]. 

 

Lai et al. [49] showed that the combination of a methanolic solution of PVP and ZIF-8 for 

electrospinning and posterior calcination enhanced the specific surface area and improved pore 

distribution compared with the same materials without electrospinning, to obtain an 

electrocatalyst for oxygen reduction. This will be beneficial for strengthening the mass transfer 

and increasing the use of active sites. 

Two major routes have been developed for the structuring of MOF-polymer nanofiber architectures 

based on electrospinning, which are “direct electrospinning” and “surface decoration” [32]. In direct 

electrospinning, a mixture of a slurry that contains MOF particles and a polymer solution is directly 

electrospun into a composite nanofiber [50]. The resulting MOFs are embedded in a polymeric 

nanofiber matrix. The second structuring route is the growth of MOF particles on the surface of the 

nanofibers [32]. 

 

Polymers examples used in Electrospinning 

 

PVP and its polylactide blends were first used for electrospinning to fabricate fibers in 2001 [51]. 

It has been widely used to manufacture fibers from different materials using the electrospinning 

process because of its spinability and fiber extraction. Several metal oxide filler materials like 

Titanium Oxide (TiO2) and Zinc Oxide (ZnO) were mixed with PVP to manufacture nanofibers 

using the electrospinning method. Also, conductive polymers, biopolymers, and other 

organic/inorganic compounds were used as a filler in the PVP polymer matrix and directly 

blended with the PVP solution to obtain PVP-based electrospun fibers. Studies on various solvents 

such as ethanol, water, N,N-dimethylformamide (DMF), and methanol have been reported to 
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investigate the potential of PVP nanofiber fabrication via the electrospinning process and its 

morphological variation [39] [51].  

In Figure 9a the chemical structure of the PVP is showed. 

 

 

 

A b 

Figure 9: Chemical structures of (a) PVP polymer and (b) PAN polymer [52]. 

 

 

PAN is recognized as the most important and promising precursor for carbon fiber. There are 

numerous advantages for PAN fibers, including high degree of molecular orientation, and higher 

melting point and thermal stability [52]. This polymer is also widely used in electrospinning [48] and 

combined with calcination for energy applications [53]. 

In Figure 9b the chemical structure of the PAN is showed. 

 

Calcination/Pyrolysis 

 

The pyrolysis process to make carbon fibers from PAN precursor include the steps of stabilization 

and posterior carbonization. 

The PAN fiber is first stretched and simultaneously oxidized in a temperature range of 200–

300 °C. This treatment converts thermoplastic PAN to a non-plastic cyclic or a ladder compound 

[54]. 

During the production of carbon fiber, one of the key processes is the stabilization process, during 

which PAN fibers are converted to infusible, nonflammable fibers [55]. During this process, 

complex chemical reactions occur, accompanied by significant enthalpy changes and thermal 

shrinkage. In an inert atmosphere, cyclization of the PAN molecular chains and the liberation of 

micromolecular gases take place. In air, the situation becomes much more complicated due to 

the presence of oxygen [55]. 

Xiao [55] illustrates the structural evolution of PAN during thermal stabilization in inert gas (Figure 

10)and Konstantopoulos the carbonization mechanism on PAN fibers [56], also under N2 (Figure 

11). 
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Figure 10: Structural evolution of PAN during thermal stabilization in inert gas [55]. 

 

Figure 11: Carbonization mechanism of PAN fibers [56]. 

The cyclization is the only occurring action under N2 conditions, since dehydration, dehydrogenation 

and oxidation reactions are triggered by the presence of O2. [56] 
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3 Analysis Methodology 
 

3.1 Scanning Electron Microscopy (SEM) 

 

The Scanning Electron Microscopy (SEM) is used for morphological characterization of the surface of 

solids. The main advantages of SEM are the high resolution (≈ 100 Å) and the large depth of field that 

gives a three-dimensional appearance to the images. It permits the observation and characterization 

of heterogeneous organic and inorganic materials on a nanometer (nm) to micrometer (μm) scale. 

In this physical characterization method, the sample surface is bombarded with a beam of electrons 

(primary electrons). The interactions between the materials under investigation and the electrons are 

used to generate an image of the surface. 

 The primary electrons (PE) are generated by an electron gun that commonly consist of a tungsten 

wire filament serving as the cathode (negative electrode), the grid cap or Wehnelt (control electrode), 

and the anode (positive electrode). The wire is heated by an electric current to a temperature of 2000-

2700 K. Thus, electrons are emitted from the tip and accelerated via an electric field generated 

between the hot cathode and the anode. The accelerating voltage is selected in the range between 

0.1 to 30 kV [57]. The column in which the electrons are accelerated and focused, as well as the sample 

chamber, are subjected to a high vacuum (<10-4 Pa). Using a lens system and an aperture diaphragm, 

the PE are focused into a beam with a diameter of less than 10 nm.  

By means of a deflector coil a selected portion of the sample surface is scanned with the electron 

beam, point by point in rows and columns.  

The impact of the electron beam on the sample causes the emission of, among other things, secondary 

electrons (SE) and backscattered electrons (BSE). 

Backscattered electrons are electrons from the principal electron beam that were elastically scattered 

by the positively charged atomic nuclei. Secondary electrons are electrons from the outer shells of the 

sample atoms that were released by the impact of the primary beam with the sample (inelastic 

scattering).  

The BSE and SE are detected respectively. Information can be obtained from the properties of the 

detected electrons. While the low-energy SE are scattered from the near-surface regions, the higher-

energy BSE originate from the deeper regions of the excited sample volume. As a result, pure surface 

features can be more clearly visualized using the SE, whereas the BSE produce an enhanced depth 

effect. The detected electrons are converted into electrical signals, which are then transferred into an 

image of the object surface using analysis software. The inclination of the hit surface elements to the 

recording surfaces of the detectors, as well as the direction of the reflected electrons have an 

influence on the brightness and the contrast effect during image formation [57].  

In addition to the SE and RE, X-rays are produced in the sample and can be analyzed with an energy 

dispersive X-ray spectrometer (EDX). The X-rays are characteristic of the specific element from which 

they are emitted. Consequently, a spectrum of the elements (line profiles) can be formed from a 

qualitative analysis of the X-rays. After a qualitative assignment of the peaks has been made, a 

quantitative evaluation can be made via the signal intensity. The signal intensity is directly 
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proportional to the concentration of the respective element. Complementary to the line profiles, a 

distribution image can be generated showing the element distribution on a surface. Hydrogen and 

helium do not emit X-rays, so they cannot be detected by EDX [57]. 

The advantages of SEM include the selection of a large magnification range and a high depth of field. 

In addition, elemental distribution analysis can be performed with EDX coupling, allowing detection 

of unknown particles or inhomogeneities, for example. [57] 

 

The measurements were performed by Hubert Weyrauch at the ICT. A SEM model ZEISS EVO MA 10 

was used for the the measurements and a EDX from the Company Oxford Instruments, model X-Max 

SSD (silicon drift detector) detector, 50 mm2. 

 

3.2 Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis (TGA) is a type of destructive testing, in which the change in mass of a 

sample is monitored as a function of temperature or time in a temperature and atmosphere-

controlled environment. The principle of this type of analysis is to quantify the amount and rate of 

change of mass loss of the sample as the temperature increases. TGA allows characterization of 

materials that show weight loss or gain due to decomposition, oxidation and/or dehydration of the 

material in question.  

The equipment used to perform this type of test consists of a precision balance on which is mounted 

a capsule of inert material (platinum or aluminum, depending on the selected temperature range) in 

which the sample is loaded. The balance, in turn, is inserted into an oven whose atmosphere is 

controlled by inert gas dragging, N2 in this case. Likewise, the temperature is programmed to vary over 

time, according to a predefined increment. The equipment registers the weight on the balance at 

preset time intervals and transmits the information to a computer, with which graphs of the variation 

of the mass of the sample as a function of temperature, called thermograms, are assembled. 

When one of the substances undergoes transformations due to the temperature increase, among 

other changes, it releases gases that are carried away by the stream of inert gas that assists the 

equipment, cleaning the atmosphere during the entire test. In the thermogram it is often difficult to 

locate the temperatures of the thermal events that occur, since the loss of mass is not always abrupt. 

Therefore, use is made of the curve of the first derivative of mass with respect to temperature as a 

function of temperature (∂M/∂T vs T).   The derivative of the curve resulting from the 

thermogravimetric analysis makes it possible to determine the inflection points (temperature 

corresponding to the maximum degradation rate) for each mass loss step (6). This curve is called DTG, 

which stands for derivative thermogravimetry. 

The TGA of the polymer fibers was performed by the group of Bea Tübke at the ICT. An NETZSCH TG 

209 F1 Iris® vacuum-tight thermobalance was used to test the polymer fibers. With this balance, 

investigations can be carried out in the temperature range between room temperature and 1000 °C 

with a resolution of 0.1 µg. Two purge gas inlets and one inert gas are available for the analyses, which 

are precisely controlled by a mass flow controller integrated in the instrument. The data acquisition 
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as well as the control and evaluation of the measurements was realized with the Proteus software 

from Netzsch. 

Approximately 10 mg of the sample was weighed into aluminum oxide crucibles and the measuring 

program (see Table 1 below) was started. 

 

Table 2: Working parameters on the TG 

Parameter Device setup 

Temperature range 25 - 1000°C 

Gas Nitrogen 

Heating rate 10 K/min 

Gas flow rate 20 ml/min 

Crucible Al2O3  

 

TGA of the MOFs were carried out on a TGA Q5000 TA Instruments device. The samples were heated 

under N2 atmosphere at a heating rate of 10 K min-1 up to 700 °C. The measurements were performed 

by the group of Dr. Piscopo at the ICT. 

 

 

3.3 Inductively coupled plasma-optical emission spectroscopy 

 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) is a technique for the 

determination of the elemental content of a sample and its concentration. Optical emission 

spectroscopy (OES) is one of the analytical techniques based on Atomic spectrometry, for which one   

of the atomization/excitation sources could be inductively coupled plasma (ICP) [58]. With this 

technique, liquid samples are converted into an aerosol and injected into a radiofrequency (RF)-

induced argon plasma [58]. The sample is desolvated, vaporized, atomized, and excited and/or ionized 

by the plasma. Once the atoms or ions are in their excited states, they can decay to lower states 

through thermal or radiative (emission) energy transitions. The intensity of the light emitted at specific 

wavelengths is measured and used to determine the concentrations of the elements of interest [58]. 

Solid samples cannot be introduced into the plasma directly therefore they must be either transferred 

into the plasma using a solid-sample accessory or they must be dissolved or digested into a solution 

[59]. The main techniques used to dissolve solids are acid digestion and fusion. 

The digestion or extraction of soil samples can be performed with aqua regia, which is a solution 

composed of nitric and hydrochloric acid at a 1:3 ratio.  
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The measurements were performed by the group of Bea Tübke at the ICT. The machine used for the 

measurements was a ICP-OES Modell iCap 6300 from the company Thermo Scientific. The sample was 

digested in duplicate using microwave pressure digestion (KöWa) and the insoluble residue was then 

filtered off using white belt filters. The solvent used was aqua regia (6 ml hydrochlorid acid and 2 ml 

nitric acid). 

 

3.4 Rotating Disk Electrode (RDE) 

 

Basics 

 

Cyclic voltammetry (CV) is an electrochemical method for the investigation of electrode surfaces and 

electrocatalysts. In this method, the potential of the working electrode EWE is varied linearly between 

a lower potential and an upper potential by a potentiostat and the resulting current I is measured. The 

rate of change of the potential over time is called scan rate (v). This is typically between 1 and 1000 

mV s-1.  This type of measurement, in which the potential is specified as constant and the resulting 

current I is measured, is called potentiostatic measurement.  

A cyclic voltammetry experiment is carried out in an electrochemical cell with a so-called three-

electrode set up [60]. The three electrodes are a working electrode, a counter electrode, and 

reference electrode. 

The reference electrode is needed since the potential E of an electrode in an electrochemical cell is 

not directly accessible and only potential differences can be measured. 

If the potential of the reference electrode is known, the potential of the working electrode EWE with 

respect to the reference electrode can be specified. In this project a reversible hydrogen electrode 

(RHE) is used as reference electrode. While the potential of the working electrode is changing, the 

current between the working electrode and the counter electrode flows [60]. The resulting graph is 

called a cyclic voltammogram. Depending on the conductivity of the electrolyte, a voltage drop occurs 

between the working electrode and the reference electrode, the so-called IR drop. This is usually 

determined by impedance spectroscopy and the potential of the working electrode is corrected 

accordingly. 

 The advantage of this electrode is that the potential of the RHE ERHE adjusts to the pH.  

The pH-dependent electrode potential of the RHE ERHE can be calculated for 298 K as follows:     

E RHE vs. SHE = −59 𝑚𝑉 ∗ 𝑝𝐻 
 

 

( 7 ) 

 
The RHE is referred to the standard hydrogen electrode (SHE). The potential E SHE = 0 is assigned to the 

SHE under standard conditions (T = 298 K, p = 0.1 MPa, pH = 0). 
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Preparation of the RDE 

 

For the preparation of the Rotating Disk Electrode (RDE), a catalyst ink with a catalyst concentration 

of 1 mg mL-1 is first prepared. The five MOFs pyrolyzed and the supported MOF were tested as 

catalysts and therefore used to prepare the ink. Approximately 2 mg of each catalyst is weighed, 

grinded and dispersed in the appropriate amount of a 20 vol% 2-propanol / 0.02 wt% Nafion™ water 

solution as a binder. The catalyst ink is homogenized in a Sonifier Branson 250 with an ultrasonic horn 

of 3 mm of diameter, two times with the following parameters: energy per pulse 12 J, time between 

pulse 0050 sec, total energy 2500 J and amplitude 25 %. The bottle containing the ink was inside a 

bath of ice/water during the homogenization to avoid the heating of the ink. The electrode used is a 

Pine Research Instrumentation RDE electrode with a glassy carbon (GC) disk for high temperature. The 

diameter of the disk is 2.5 mm. The RDE electrode is first polished on a polishing cloth with a 0.05 µm 

diamond suspension for 5 minutes. The electrode is then cleaned in an ultrasonic bath in ultrapure 

water (0.056 µS cm-1 at 25 °C) for 5 minutes. The RDE is fixed on a Pine Research MSR Rotator, with 

the electrode facing up, and an aliquot of 10 µL of the catalyst ink is added to the disk of the RDE using 

an Eppendorf pipette. This gives a catalyst loading showed in Table 3.  

Table 3: Loading of Ni-Co over working electrode. 

Catalyst Loading Ni-Co electrode 

[µg/cm2] 

Ni-MOF74 38.54 

Ni75Co25-MOF74 37.49 

Ni50Co50-MOF74 37.63 

Ni25Co75-MOF74 35.57 

Co-MOF74 30.09 

PAN+Ni-MOF74 23.76 

 

(The previous values were calculated with the result of the ICP-OES for the concentration of Ni-Co of 

the catalysts.) 

The catalyst ink is dried for 40 min - 60 min at a rotation of 250 rpm. Photographs are taken under an 

optical microscope to check the homogeneity of the catalyst layer. Figure 12 shows a representative 

catalyst layer of some of the catalysts. 
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Experimental Setup 

 

The measurements for the investigation of the electrocatalyst are carried out in a three-electrode 

glass measuring cell with a volume of 150 mL with a potentiostat from the company BioLogic (model 

SP 300). The cell is filled with a 1 M KOH solution (analaR NORMAPUR - VWR) as electrolyte. A 

platinized Pt sheet is used as the counter electrode and a reversible hydrogen electrode (RHE) is used 

as the reference electrode. The reference electrode is added to the three-electrode measuring cell via 

an electrolyte bridge, which is also filled with a 1 M KOH solution.  

A gas inlet with argon supply is used to purge and agitate the solution, which can be switched over via 

a 3-way stopcock depending on the measurement.  

The three-electrode measuring cell has a jacket warming system, which is used to set the experimental 

temperature with a 17 wt% ethylene glycol-water mixture as the warming liquid via a thermostat. The 

measurements were performed at 26 °C. The three-electrode measuring cell is tempered for at least 

one hour before the measurements to set the appropriate experimental temperature. Figure 13 shows 

the experimental setup. 

Figure 12: Photographs taken under an optical microscope of the catalyst layer . (a) Ni75Co25-MOF ; (b) Ni-MOF 
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Measurements 

 

OER measurements 

Before performing the OER measurement, the Argon supply is turned on and a rotation of the RDE of 

1600 rpm is set. This condition is maintained along all the measurements. Cyclic voltammetry 

Reference 

electrode 

Rotator 

Working 

electrode 

Counter 

electrode 

three-electrode glass cell 

Gas 

supply 

Potentiostat 

connectors 

Jacket 

outlet 

Jacket 

intlet 

Figure 13: Experimental setup RDE measurements: Three-electrode measuring cell. 
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measurements are performed in a potential range between 1.2 V vs. RHE and 1.7 V vs. RHE with a 

potential sweep rate of 10 mV s-1. This cycle is repeated 50 times.  

At the end of the measurement series, the argon purge is switched off and the rotation is stopped.  

To present the results, the measured current was divided by the mass of active material (Ni and Co) 

deposited over the electrode, obtaining a mass-specific current or “Mass activity”. 

 

Determination of the IR drop by impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is performed to determine the electrolyte and cell 

resistance used to calculate the IR drop. First, the argon supply is turned on and then the rotation 

speed of the RDE is set to 1600 rpm. 

A sinusoidal AC voltage U(t) is specified as the excitation function. The starting point of the AC voltage 

is chosen to be 1.6 V vs. RHE since this potential is of interest in the measurements. The voltage is 

varied with an amplitude of 10 mV in a frequency spectrum ω of 1 MHz-1 Hz. The response function 

of the AC current I(t) is measured, as well as the impedance Z(ω) from it. The resistance could be 

obtained from the real part of the lowest point of the curve -Im(Z) vs Re(Z). 

 

3.5 Brunauer-Emmett-Teller Gas Adsorption 

 

Fundamentals 

Gas physisorption is the commonly used technique to characterize porous materials. The method is 

based on the physisorption of gas molecules on the external and internal surface of the material. The 

adsorbate adsorbs to the material surface through reversible weak Van der Waals forces. Nitrogen, 

Argon, and Krypton are the commonly used gases for this method. The first two gases are used for 

porous materials with a high surface area. 

Porosity could be classified into three different types according to their porous diameter (D): 

microporous (D<2nm), mesoporous (2nm<D<50nm), and macroporous (D>50nm) [61].  

 

Brunauer-Emmett-Teller (BET) method 

This is a method used to determine nanomaterial surface area and the most common one. The BET   

method was designed to directly measure the specific surface area and pore sizes of powdered 

samples under high-vacuum conditions [62]. 

 In a typical BET analysis, nano material surface is determined from the volume of nitrogen (N2) gas 

adsorbed by the material. N2 gas is assumed to have access to the entire nano material surface. The 

surface area measurements are based on adsorption of gas molecules in infinite layers with no 

interlayer interaction. Under these conditions, the basic Langmuir theory can be applied to each layer 

to derive the BET surface area for nano materials (SBET). 

𝑆𝐵𝐸𝑇 =
𝑉0𝑁𝑎𝑠

𝑀𝑣
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where, V0 is the volume of single monolayer of adsorbed gas, Na is Avogadro's number, Mν is molar 

volume of gas adsorbate and s is the surface area of a single gas molecule adsorbed on the solid. For 

an hexagonal closed-packed nitrogen monolayer, s is 16.2 Å at 77.3 K [63] . The specific surface 

area (SSA) for the known mass of dry sample (M) can be calculated from the BET surface area, as 

follows. 

𝑆𝑆𝐴 =
𝑆𝐵𝐸𝑇

𝑀
 

 

 

( 8 ) 

 
The (BET) equation could be written also as [63]: 

1
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𝑃

𝑃0
) 

 

 

( 9 ) 

 
 

Where W is the weight of gas adsorbed at a relative pressure P/P0 and Wm is the weight of adsorbate 

constituting a monolayer of surface coverage. The BET constant C is related to the adsorption energy 

of the first adsorbed layer and indicates the dimension of interaction between the adsorbate and 

adsorbent. 

To determine the surface area using this equation, a linear plot of 1/(W(P0/P)-1) vs. P/P0 is required. 

This linear dependence is limited to a small P/P0 range of usually 0.05 to 0.35, which shifts to lower 

values for microporous materials [64] 

 

The first BET measurements were performed by Dr. Angelos Polyzoidis at the ICT. Nitrogen adsorption 

isotherms were measured at -196 °C using a Quantachrome Autosorb iQ surface area analyser. 

Samples were degassed under vacuum for 16 h at 100 °C (MOFs) or 180 °C (pyrolyzed samples) prior 

to the analysis. BET pressure range varied between 3.0∙10-2 and 7.0∙10-2 bar for the MOF samples and 

0.1 and 0.3 for the pyrolyzed samples. 

The second BET measurements and N2 sorption measurements were performed by Lina Rustam from 

the Fraunhofer-Institut für Solare Energiesysteme ISE. 
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4 Experimental Setup and Procedure 

 

4.1 Fibers 

 

4.1.1 Electrospinning 

 

Experimental Layout 

 

For the production of the fibers, an electrospinner Model E-Fiber EF100 from the company SKE 

Research Equipment was used. Figure 14 shows the electrospinner setup with its main 3 components: 

 the high voltage power supply 

 a syringe pump  

 the collector 

 

 

 

This setup is placed inside a Plastic box with a fume and an inlet of dry air. 

It could be seen in Figure 14b that a syringe filled with the polymer solution is mounted on the pump. 

From the pump the volume flow could be adjusted and it also shows the volume dispensed. Plastic 

syringes with 12 ml of volume were used. 

To the syringe is connected a pipe and a needle. For the experiments with PVP, the pipe was a Tygon 

tube of 1 mm of inner diameter. For the ones with PAN, a PEEK tube was used as the pipe since swelling 

and leaking was observed during the experiment with the Tygon tube. The needle had 1 mm of 

diameter. 

Figure 14: Electrospinner setup. (a) Hole setup placed inside a Plastic box. (b) Pump and syringe. (c) Needle connected to the 
voltage supply and mat of fibers over plate collector. 

(a) (c) 

(b) 
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The high voltage supply is connected to the needle by an alligator clip connector. 

The collector used in most of the cases was a plate collector of 12 x 13 cm and it was covered with an 

aluminum foil. 

 

As it could be also seen in the figure, the electrospinner box has a control panel where it could be 

chosen the set point for Voltage, Humidity and Rotation speed (in case of rotating collector). Also, it 

could be seen the instant humidity and temperature inside the box. 

To control the humidity, a dehumidifier Trotec TTR 400 D was connected. 

 

Experimental Procedure 

 

As mentioned before, the polymer fibers are electrospun from a precursor solution. For this purpose, 

different precursor solutions were prepared. 

The following materials were used to prepare the solutions (Table 4). 

Table 4: Materials used with Company information. 

Material Company Molecular weight 

Polyvinylpyrrolidone 
(PVP) Alfa Aesar 1.300.000 

Polyacrylonitrile (PAN) Aldrich 150.000 

Methanol (MeOH) Roth - 

Ethanol (EtOH) Absolute CHEMSOLUTE - 

N,N-Dimethylformamide 
(DMF) Merk - 

 

Ni-MOF-74 + PVP + MeOH solution (for the Combined catalyst synthesis) 

1.5 g PVP was dissolved in 20 mL of MeOH. Additionally, 309 mg of Ni-MOF74 was homogenized in 

17.5 mL of MeOH. Afterwards, both solutions were combined. The solution obtained had a relation of 

MOF/PVP of 1/5 and the concentration of the solids (MOF+PVP) in the solution was 5.7 wt %. 

 

PVP + MeOH solutions 

PVP powder was dissolved in MeOH at various weight percentages (4 wt %, 6 wt % and 8 wt %) under 

ultrasonic bath for 15 min and then under magnetic stirring for 4 h at 700 rpm and room temperature. 

In all the cases the solution was stirred for extra 15-30 min before the electrospinning. 
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PVP + EtOH solutions 

PVP powder was dissolved in EtOH at various weight percentages (4 wt %, 6 wt % and 8 wt %) under 

magnetic stirring for 15 h at 600 rpm and room temperature. In all the cases the solution was stirred 

for extra 15-30 min before the electrospinning. 

PVP + EtOH/DMF solutions 

PVP powder was dissolved in a mixture of EtOH and DMF with a mass ratio of 50/50 under magnetic 

stirring for 15 h at 600 rpm and room temperature. In all the cases the solution was stirred for extra 

15-30 min before the electrospinning. 

PAN and DMF solutions 

PAN powder was dissolved in DMF under magnetic stirring for 4 h at 400 rpm and 60 °C. The solution 

was stirred for extra 15 min at room temperature before the electrospinning. 

 

Also, a detailed protocol for the electrospinner operation is included in the Appendix. 

 

Experimental Matrix 

 

As a first approach, a “Combined catalyst synthesis” was investigated. Thus, it was tested to include 

the MOFs in the polymer precursor solution prior to electrospinning, under the technique of "direct 

electrospinning" [32]. For this purpose, a solution of Ni-MOF74, PVP and MeOH was prepared and 

electrospun.  

The parameters for the electrospinning were the following: 

 Feeding rate: 1.2 ml/h 

 Applied Voltage: 15 kV 

 Distance of collector from tip of the needle: 12.5 cm 

 Type of collector: Plate 

 Humidity: 32-38 % 

After the pyrolyzation of the fibers, the result was not the expected (no carbon fibers were obtained). 

There were many parameters that could be responsible for the observed, from both sides, fibers and 

MOFs. In order to address this. each part was analyzed and optimized separately and then combined, 

as a “Three step catalyst synthesis”.   

 

To understand better the electrospinning process, some of the controlling parameters were varied. It 

was chosen the parameters that had the greatest impact on fiber morphology, as reported in the 

literature [39,42]. Those parameters were the polymer concentration and the solvent in the precursor 

solution and the applied voltage during the electrospinning. Then, the polymer of the precursor 

solution was also varied.  
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Other parameters were kept constant with the following values: 

 Feeding rate: 1.2 ml/h 

 Distance of collector from tip of the needle: 12.5 cm 

 Type of collector: Plate 

 Humidity: 32-38 % 

 

As a reference, some parameters were taken from previous experiments conducted at ICT with the 

electrospinner, like the feeding rate of the polymer solution and the distance from the tip of the 

needle to the collector, since they proved to be suitable for a similar polymer solvent systems. Since 

an array of aligned fibers is not necessary in this case of study, the plate collector was chosen for the 

experiments. 

PVP as the polymer, MeOH as the solvent and 15 kV as the applied voltage (plus same distance tip- 

collector) were also taken as a reference from previous experience at the ICT, since they showed to 

be good parameters for the electrospinning of fibers and posterior calcination. 

 

Concentration variation 

It was varied the concentration of a PVP-MeOH solution and also of a PVP-EtOH solution between the 

following values: 

Concentration 1 Concentration 2 Concentration 3 

4 wt % 6 wt % 8 wt % 

 

It was found difficulties during the electrospinning for a solution of PVP and MeOH with higher 

concentration than 8 wt %, so there were chosen concentrations below that value. 

This concentrations were used in the literature for the electrospinning of a solution of PVP and EtOH 

[42] and also a concentration in the range was used to prepare a precursor solution of PVP and MeOH 

to produce PVP fibers for electrochemical application [49], both cases with similar parameters for 

electrospinning. 

 

Solvent variation 

Solvent 1 Solvent 2 Solvent 3 

Methanol Ethanol Ethanol/DMF 50/50 (w/w) 

 

MeOH was used at ICT with PVP for the electrospinning and worked as a good solvent. EtOH was 

mentioned in the literature to be a good solvent for PVP [42] and it is preferred over MeOH to be 

easier for handling. The mixture of solvents EtOH/DMF with a mass ratio 50/50 showed to be a good 

dissolvent for PVP, producing thinner fibers and a uniform size distribution [42]. 
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Voltage variation 

Voltage 1 Voltage 2 Voltage 3 

11 kV 13 kV 15 kV 

 

15 kV was the voltage used in the previous experiment, so it was chosen as a fixed parameter for the 

concentration and solvent variation electrospinning. Since in other publications 15 kV or lower 

voltages were applied, there were chosen smaller voltage values to be tested, in those ranges [42,49]. 

 

Polymer variation 

Apart from the PVP, PAN was used for the preparation of the precursor solution. 

The concentration of the precursor solution was 8 wt % and the applied voltage for the electrospinning 

was 15 kV. This, were common values among the literature for PAN fibers [36] and were chosen 

because of the experimental experience with PVP, that will be discussed later. 
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4.1.2 Heating Process 

 

Experimental Layout 

 

The electrospun polymer fibers were exposed to a heating process in order to obtain carbon fibers. 

For this purpose, a tube furnace Carbolite type HST 12/400 with an Eurotherm 3216 controller was 

used (Figure 15). 

 

The oven could reach 1200 °C as maximum temperature. A quartz tube is mounted inside the furnace, 

which is open at one end to place the crucible with the sample. The tube has a lid and it is possible to 

connect a gas inlet and a gas outlet at both ends. This allows to seal the tube with a controlled 

atmosphere. 

 

 

Figure 15: Tube furnance 
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Experimental protocol 

 

Several programs combined with different gas atmospheres were used. 

For the “Combined catalyst synthesis” (fibers of PVP and Ni-MOF74), the following combination of 

program of heating and gas atmosphere was used: 

 Program 1 of heating, showed in Figure 16, and synthetic air 

 Program 2 of heating, showed in Figure 17, and Ar 

 Program 2 of heating and N2 

 

The Program 2 of pyrolysis was designed following the literature [49]. 

For the PVP fibers, the program 3 of heating (Figure 18) and N2 atmosphere was used. For this program 

it was considered the result of the TGA of the PVP fibers, that is showed in the chapter of Results and 

Discussion. 

 

Figure 18: Program 3 of heating 

At the beginning, the tube was flushed with N2 for 30 min to remove the air inside the tube before 

increasing the temperature. The flushing will also continue during the next step, which is maintaining 

the temperature in 60 °C for 4 h to make the moisture and the MeOH absorbed by the PVP to go out. 

The first step is followed by a slow heating ramp, to let the remaining moisture leave the sample 

without affecting the structure. Then the temperature is maintained at 400 °C for 1 h and this is 

Figure 16: Program 1 of heating Figure 17: Program 2 of heating 
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continued with slow heating ramp until 500 °C, since the TGA showed that there is a big mass loss 

between 375 °C and 475 °C. The mass loss from 500 °C onwards is significantly lower, so a higher 

heating rate is applied, until 1000 °C. The final temperature of the program was raised to 1000 °C.  

 

The program 4 was also used for the PVP fibers. It is like Program 3, but the first step is replaced by a 

longer one: the temperature is kept at 80 °C for 24 h. The program 4 run with N2 atmosphere too. 

 

For the PAN fibers the program 5 of heating (Figure 19) and nitrogen atmosphere was used. 

 

 

Figure 19: Program 5 of heating 

In this case, the step for drying was kept for 4 h, since the PAN did not have a big amount of moisture 

absorbed. After that, a program from the literature for PAN fibers was followed [53]. The temperature 

was raised at a heating rate of 120 °C h-1 until 350 °C where it was stabilized for 20 min. Then, the 

temperature was further raised at a heating rate of 300 °C/h to 1000 °C, to have a good conductivity, 

and the film was carbonized for 2 h to obtain carbon fibers. 
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4.2 Metal Organic Frameworks (MOFs) 
 

For this work five MOF-74s with different nickel-cobalt content were successfully synthesized by the 

group of Dr. Piscopo of the Energetic Materials group at ICT. All the details about the synthesis were 

provided by them. 

The MOFs prepared are based on 2,5-dihydroxyterephthalic acid (DOT) and nickel and cobalt in 

different ratios [28]. The details of the synthesis of each MOF-74 could be found in the Appendix. 

The MOFs prepared were the following: 

 Ni-MOF74 (pure nickel-MOF74) 

 Ni75Co25-MOF74 (ratio Ni:Co 3:1)  

 Ni50Co50-MOF74 (ratio Ni:Co 1:1) 

 Ni25Co75-MOF74 (ratio Ni:Co 1:3)  

 Co-MOF74 (pure cobalt-MOF74) 

The MOFs were characterized by XRD, BET, TGA, and SEM before and after pyrolysis to compare its 

change and the differences between the different MOFs. 

Heating process 

 

The MOFs were pyrolyzed under nitrogen atmosphere and the same tube furnace used for the fibers, 

with the following heating program: 

1) 1 h of flushing the tube with nitrogen 

2) heating rate of 100 °C/h until 700 °C 

3) 6 h at 700 °C 

The maximum temperature of pyrolyzation of the MOFs (700 °C) was decided as a compromise 

between not destroying completely the structure of the MOFs [26,65] and obtaining the higher 

carbonization possible [65]. 
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4.3 Catalyst Production 
 

For the production of the supported catalyst the following protocol was followed: 

1. A portion of the fibers pyrolyzed until 1000 °C (80.30 mg) was mixed with the chosen MOF 

(Ni-MOF74) without pyrolyzation (210,4 mg) and  (10,52 ml). 

2. The quantities correspond to a relation mass of 3/4 of MOFs over PAN fibers without 

pyrolyzation (280,97 mg), which means a relation of 2,62 times of MOFs over the pyrolyzed 

fibers. The volume of Ethanol was calculated as 1 ml of Ethanol per 20 mg of MOF and per 25 

mg of total mass. 

3. The three components were added into a 40 ml bottle and homogenized in a Sonifier Branson 

250 with an ultrasonic horn of 3 mm of diameter under the following program: 

o Energy per pulse: 12 J 

o Time between pulse: 0050 sec 

o Total energy: 2500 J 

o T measurement: 50 °C 

o Amplitude: 25 % 

4. During the sonication, the tube was submerged into ice and liquid water, to avoid the mixture 

to heat up. 

5. The sonication was repeated 3 times, refilling the ice in between the repetitions. The “T 

measurement: 50 °C” was set to make the sonication stop in case the Temperature reaches 

50 °C, but it was never the case. Heating the suspension over 60 °C should be avoided, since 

the liquid absorbed by the MOF could destroy the MOF structure while gaining energy.  

6. The suspension was filtered with vacuum (up to 300-400 mbar). The set up used for this step 
is showed in Figure 20a, which consisted of a Büchner funnel with a filter inside, over a 
Büchner flask connected to vacuum. The filter mentioned is a Polyethersulfone (PES) 
membrane with a pore size of 0.45 µm.  

7. In less than 5 minutes the filtration was finished. The ethanol collected in the Büchner flask 
looked transparent, indicating that most of the supported catalyst was retained by the filter. 

8. The filter cake was collected from the paper filter and placed in a 25 ml round bottom single 
neck Schlenk flask with a glass stopcock (Figure 20b), connected to the vacuum line. Vacuum 
at 260 mbar was applied at room temperature for 4 h 40 min. 

 

Figure 20: a) Set up for the filtration with vacuum; b) Set up for the extraction of liquid 
with vacuum. 

(a) (b) 
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9. The round bottom Schlenk flask was placed inside an oil bath to heat up the powder while 

continuing with the application of vacuum. The heat was applied to help the remaining liquid 
to leave. It was applied gradually, in steps of 10 °C for less than 10 min, from 40 °C until 80 °C. 
To finish the liquid extraction by vacuum, it was kept for 30 min at 80 °C.  

10. The stopcock of the Schlenk flask was closed and the lid opened, to take out the dry catalyst. 
11. The dry catalyst was pyrolyzed under Nitrogen atmosphere, with the same program used to 

pyrolyze the MOFs.  
 

 
 
 

Scaling up 

 
To produce a batch of the supported catalyst (PAN-Ni-MOF74) for the test in a cell, a higher loading 

of MOFs over the fibers was applied. In this case, a relation of 4/4 of MOFs over PAN fibers without 

pyrolyzation was considered (which means an amount of 3,38 times of MOFs over the pyrolyzed 

fibers). 1470,09 mg of MOFs were mixed with 435,45 mg of pyrolyzed PAN fibers (until 1000 °C) and 

68,96 ml of Ethanol, giving a scaling up of 6,6 times of total mass from the first batch. A relation of 

1ml per 25 mg of total mass was considered for the Ethanol since the ratio MOF/fibers is different. 

To mix the components, the same program of sonication was performed. In this case the program was 

repeated 19 times, to maintain the relation of total anergy applied over total mass.  

The suspension was filtered and connected to vacuum, with the same materials and times as the first 

batch.  

The vacuum applied at room temperature reached the 160 mbar in this case, for 4 h 40 min and for 

the step of vacuum and heating, it was between 220 and 235 mbar. 

As an improvement, after the extraction of the liquid, the Schlenk flask was filled with N2, for weighting 

and transportation to the oven, to avoid moisture to be absorbed in that time. This effect wasn´t 

considered in the smaller batch produced. 

The dry catalyst was pyrolyzed with the same program mentioned before. 
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5 Results and discussion 
 

5.1 Physicochemical characterization 

 

5.1.1 Fibers 

 

5.1.1.1 Combined catalyst synthesis 

 

As a first approach, a “Combined catalyst synthesis” was investigated. It was reported from the 

literature [49] a combination of PVP, methanol and a different MOF by this technique with good 

results for an energy application. 

As mentioned in the previous section, a solution of Ni-MOF74, PVP and Methanol was prepared and 

electrospun. In Figure 21 SEM images of the electrospun fibers are showed.  

 

It could be observed that the fibers had white agglomerations that could be attributed to the MOFs 

or a beaded formation. 

 

 

 

  
(a) (b) 

 
(c) 

Figure 21: SEM images of electrospun fibers from a Ni-MOF74, PVP and Methanol solution.  
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5.1.1.2 SEM - Variation of electrospinning parameters 

 

A series of electrospinnings were carried out, varying the parameters mentioned in Section 4. The mat 

obtained were analyzed by SEM. In the following Section those results will be discussed. 

 

Concentration variation 

From solutions of Methanol and different concentrations of PVP, fibers were electrospun. In Figure 22 

 SEM images of the mat obtained are showed. 

 

  
(a) (b) 

 
(c) 

Figure 22: SEM images of electrospun fibers from a solution PVP-Methanol (a) 4 wt %, (b) 6 wt % and (c) 8 wt % (10 K x of 
magnification). 

 

Form Figure 22 it could be seen that there is a formation of beads that decreases with the increase of 

concentration. For the case of 4 wt % PVP-Methanol solution, there are a lot of sphere-like beads on 

the fibers, while for the case of 6 wt % the beads are less and look elongated. The fibers from the 

8 wt % solution are mostly smooth with eventually some elongated spindle-like beads. 
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Some diameters of the fibers were measured to obtain an estimation of the size of the fibers. In Table 

5 it could be seen that the range of diameters is not very wide. The diameter of the fibers increases 

with increasing concentration of the precursor solution, as it was mentioned by other authors [42,51]. 

 

Table 5: Diameters of the fibers from PVP-Methanol solutions of 4 wt %, 6 wt % and 8 wt % of concentration 

 MeOH+PVP 4 wt % MeOH+PVP 6 wt % MeOH+PVP 8 wt % 

MIN (nm) 72.3 96.8 162.1 

MAX (nm) 255.5 270.5 319.7 

AVERAGE (nm) 139.9 181.6 243.6 

 

It was also varied the concentration of PVP in another solvent: Ethanol. The chosen concentrations 

were also 4 wt %, 6 wt % and 8 wt %. In Figure 23 are showed SEM images of the mat obtained. 

  
(a) (b) 

 
(c) 

Figure 23: SEM images of electrospun fibers from a PVP-Ethanol solution (a) 4 wt %, (b) 6 wt % and (c) 8 wt %  (10 K x of 
magnification) 

 

It could be seen that the behavior regarding the beads and the diameters is similar to the Methanol-

PVP solution. 
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There is a decrease in the amount of beads formed when the concentration of the precursor solution 

is increased, and the shape of them also tends to elongate. 

For the case of 4 wt % the fibers have a big number of beads on them, with a sphere-like shape mostly. 

For the case of fibers from 6 wt % solution, there is a smaller amount of beads on the fibers, but this 

beads have a bigger size. For the fibers coming from the 8 wt % solution, it could not be observed bead 

formation, but some small differences in the diameter of the fiber. Table 6 shows a summary of the 

measured fiber diameters for the ethanol PVP solutions. 

Table 6: Diameters of the fibers from PVP-Ethanol solutions of 4 wt %, 6 wt % and 8 wt % of concentration. 

 EtOH+PVP 4 wt % EtOH+PVP 6 wt % EtOH+PVP 8 wt % 

MIN (nm) 83.9 211.2 678.0 

MAX (nm) 231.6 724.5 1,736.8 

AVERAGE (nm) 146.3 433.3 1280.2 
 

It can be seen that there is an increase in the average diameter of the fiber with the increasing 

concentration of the precursor solution. But in this case, compared to the fibers from the MeOH-PVP 

solutions, the increase in the average diameter of the fibers with increasing concentration is much 

greater. 

Also, the diameter deviation increases with increasing concentrations, ending with a very wide range 

for the case of 8 wt %.  

 

Solvent variation 

Since it was observed that with solutions of 8 wt % , the fibers obtained had less or none beads, it was 

the chosen concentration to be fixed for the solvent variation. 

As it was mentioned in Chapter 4, the third solvent, apart from Methanol and Ethanol, was a mixed 

solvent: Ethanol/DMF, with a mass ratio of 50/50. This mixed solvent was mentioned by Yang  [42] to 

be a very good option since it combines desirably properties from each solvent, to produce thin fibers 

with no beaded formation.  

 

  
(a) (b) 
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(c) 

Figure 24: SEM images of electrospun fibers from a solution of PVP and (a) Methanol, (b) Ethanol, (c) Ethanol/DMF 50/50 
w/w, with 8 wt % of concentration (10 K x of magnification). 

 

Regarding the diameters of the fibers, it could be seen (Table 7) that the fibers obtained from the 

Ethanol solution have a much greater diameter compared to the Methanol ones. As was expected 

[42], the addition of DMF to the Ethanol, made the fibers obtained to have a lower diameter without 

the generation of beads. 

Table 7: Diameters of the fibers from a solution of PVP and Methanol, PVP and Ethanol and PVP and Ethanol/DMF 50/50 
w/w, with 8 wt % of concentration 

 

 MeOH+PVP 8 wt % EtOH+PVP 8 wt % DMF/EtOH+PVP 8 wt % 

MIN (nm) 162.1 678.0 167.5 

MAX (nm) 319.7 1,736.8 412.4 

AVERAGE (nm) 243.6 1280.2 315.1 

 

Voltage variation 

 

For the voltage variation, the mixed solvent Ethanol/DMF (50/50 w/w) was chosen to prepare the 

precursor solution with PVP. As seen in the previous section, the fibers obtained from this solution 

showed to be smooth and to have a small diameter in combination with a very low amount or almost 

no beads on the fibers. 

In Figure 25 are showed SEM images of the fibers obtained at 10 K x. 
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(a) (b) 

 
(c) 

Figure 25: SEM images of electrospun fibers from a solution of PVP and Ethanol/DMF 50/50 w/w, with 8 wt % of 
concentration at (a)11 kV, (b) 13 kV, and (c) 15 kV (10 K x of magnification). 

 

It could be seen that there is no tendency of behavior of the mean diameters. This may be explained 

by the viscosity not being high enough for the voltage to significantly affect the fibers. Gomes et al. 

[36] showed, while studying the effect of the applied voltage in the fiber diameter, that the diameter 

variation is less pronounced for the fibers obtained from less viscous solutions independently of the 

applied voltage. 

 

 

Table 8: Diameters of the fibers from a solution of PVP and Ethanol/DMF 50/50 w/w, with 8 wt % of concentration for 
11 kV, 13kV and 15 kV of voltage. 

 DMF/EtOH+PVP 11kV DMF/EtOH+PVP 13 kV DMF/EtOH+PVP 15 kV 

MIN (nm) 106.5 133.5 167.5 

MAX (nm) 471.2 470.4 412.4 

AVERAGE (nm) 278.2 265.4 315.1 
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(a) (b) 

 
(c) 

Figure 26: SEM images of electrospun fibers from a solution of PVP and Ethanol/DMF 50/50 w/w, with 8 wt % of 
concentration at (a)11 kV, (b) 13 kV, and (c) 15 kV (2 K x of magnification). 

 

From the SEM images with lower magnification (Figure 26) it could be seen that there are some beads 

on the fibers. For the case of lower voltages (11 kV and 13 kV) there is a higher concentration of beads 

compared to the 15 kV images. Gomes et al. also reported that fibers with beads and irregular shape 

were obtained under low applied voltages [36]. 

 

 

Polymer variation 

Since the results of the pyrolyzation of the PVP fibers were not successful (see next Section), PAN 

fibers were produced. To prepare the precursor solution, the solvent DMF was used. The other 

solvents considered in the previous Section (Ethanol, Methanol) could not be used because they are 

not solvents for PAN [66]. DMF is one of the aprotic polar solvents that can dissolve PAN and also 

forms a good solution to be electrospun [67].  

As a concentration of the precursor solution of 8 wt % and an applied voltage of 15 kV were found to 

be good parameters for the electrospinning of the PVP fibers, these parameters were chosen for the 

electrospinning of a PAN solution. 
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In Figure 27 some SEM images of the PAN-fibers obtained at different magnifications are showed. It 

could be seen that the fibers are uniform in its diameter and they present a very small amount of 

beads on them compared to the PVP fibers.  

 

In Table 9 are showed the results of the diameter estimation for the PAN fibers, compared with the 

results already showed of the PVP fibers. The PAN fibers have the smallest average diameter even 

though it is in the order of the one of Methanol-PVP fibers and of DMF/EtOH-PVP as well. Also, the 

deviation of diameters of the PAN fibers is not wide, giving the idea that the sizes of fiber are more 

homogenous, compared to the PVP fibers. Figure 48 of the Appendix illustrates qualitatively that the 

PAN fibers are the thinnest. 

Table 9: Diameters of the fibers from a solution of PAN and DMF, compared with the ones of a solution of PVP and Methanol, 
PVP and Ethanol and PVP and Ethanol/DMF 50/50 w/w (all of them with 8 wt % of concentration). 

 

 DMF+PAN 8 wt % MeOH+PVP 8 wt % EtOH+PVP 8 wt % DMF/EtOH+PVP 8 wt % 

MIN (nm) 168.8 162.1 678.0 167.5 

MAX (nm) 224.8 319.7 1,736.8 412.4 

AVERAGE (nm) 187.2 243.6 1280.2 315.1 

 

Therefore, PAN fibers, besides being more suitable for the pyrolyzation stage, have a smaller diameter, 

which is desirable since it increases the surface area. 

 

 

 

 

 

 
(b) 

 
(a) (c) 

Figure 27: SEM images of electrospun fibers from a solution of PAN and DMF with 8 wt % of concentration with (a)10 K x, 
(b) 5 K x and (c) 40 K x of magnification. 
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5.1.1.3 TGA and SEM after heating process 

 

PVP fibers 

In the following the results of the Thermogravimetric Analysis (TGA) are showed. 

 
Figure 28: TGA of PVP fibers under N2 atmosphere 

 

A 3-fold determination was carried out, as the sample fluctuates in the lower temperature range up 

to 120 °C. The result of the two additional measurements could be found in the Appendix. The sample 

was analyzed in the autosampler. It is possible that traces of methanol were still present, which 

evaporates during the standing time on the autosampler.  

The measurement showed in Figure 28 was started immediately after weighing. 

The TG curve shows a mass loss of 17.10 % between 25 °C and 120 °C that represents the loss of 

residual methanol. The point of greatest rate of change on the initial part of the weight loss curve 

ocurrs between 60 °C and 75 °C, which corresponds with the boiling point of the methanol at 64.7 °C 

[68]. At that point a mass loss around 10 % could be observed. 

Also, it could be seen a sharp decline between 375 °C and 475 °C, indicating a notable weight loss of 

73.8 % due to the thermal decomposition of PVP [69]. 

Between 500 °C and 1000 °C there is negligible mass loss. After 1000 °C the remaining mass is 5 %. 
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Several pyrolyzations of the PVP fibers under different atmospheres were carried out looking forward 

to obtain pyrolyzed fibers. Also, different programs of pyrolysis were used. 

Some SEM images of PVP+Ni-MOF74 fibers (“Combined catalyst synthesis”) after the 

pyrolyzation/calcination are showed in Figure 29. 

   
(a) (b) (c) 

Figure 29: SEM images after pyrolyzation of PVP+Ni-MOF74 fibers under (a) Air (Program 1), (b) Argon (Program 2) and (c) 
Nitrogen (Program 2) atmosphere, from a solution of PVP, Methanol and Ni-MOF74. 

 

As it could be observed, no fibers were found after pyrolysis. 

It was previously reported in the literature by Lai et al.  that a methanolic solution of PVP and ZIF-8 (a 

type of MOF) was electrospun and heated up to 900 °C in N2 atmosphere, successfully obtaining fibers 

after both processes. It was the interfacial interaction between PVP and ZIF-8 that changed the 

pyrolysis behaviors and promotes the formation porous structures. 

They proposed a mechanism where the Zn2+ sites of the surface of the ZIF-8 were coordinated easily 

with C=O existing in PVP, and after being calcinated at 500 °C, the PVP in the mixture decomposed to 

an amorphous carbon network, while the ZIF-8 polyhedrons retained their crystal structure. Due to 

the low pyrolysis temperature, the PVP-derived carbon still had many C=O bonds that could form a 

new but strong interface with the ZIF-8 [49]. 

In our case it could be assumed that no coordination bonds could be formed between the PVP and 

the Ni-MOF74 to maintain a crystal structure. It may have been the case that the sites of Ni2+ were not 

accessible to the PVP. 

 

The program of pyrolyzation was changed following the information from TGA (Program 3).  

The final temperature of the program was raised to 1000 °C since it was reported that higher 

temperatures of pyrolysis for carbon substrates lead to higher conductivity [65], which is a desirable 

property for the fibers. 

The result is showed in Figure 30. 
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(a) (b) 

Figure 30: SEM image after pyrolyzation of PVP fibers from a solution PVP+Ethanol 8 wt % (Program 3 of heating). 

 

The PVP fibers were also pyrolyzed under the program 4 with N2 atmosphere. In this case the first step 

was replaced by a longer one: the temperature is kept at 80 °C for 24 h [70]. Since the PVP is more 

polar it attracts the water molecules strongly, so the 4 h of drying in Program 3 might not be enough 

to complete the drying step. It could be observed, comparing the TGA of PVP fibers and PAN fibers 

that is showed in the following, that the PVP has a higher mass loss before 100 °C, which shows this 

higher water absorption by PVP. 

However, no fibers were obtained after pyrolyzation (Figure 31). 

 

  
(a) (b) 

Figure 31: SEM images after pyrolyzation of PVP fibers from a solution (a) PVP+Ethanol 8 wt % and (b) PVP+Methanol 
8 wt % (Program 4 of heating). 

 

These results could be explained by the thermal degradation of the PVP under N2 atmosphere, where 

the predominant mechanism is the depolymerization to monomer of the polymeric main chain [71] 

(Figure 32). 
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Figure 32: Suggested mechanism for thermal degradation of PVP [71] 

 

 

PAN fibers  

A TGA was performed to the PAN fibers. 

 
Figure 33: Thermogram of PAN fibers under N2 

 

The sample showed an initial mass loss of approx. 1.4 % in the temperature range of 60 – 140 °C, that 

is related with the remaining moisture. The main decomposition of the sample proceeds in two stages. 

In the temperature range 200 – 330 °C the mass loss is 48 / 48.3 %, up to 500 °C further 15.9 / 16.3 %. 
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The mass loss in the first step may be attributed to the cyclization reaction because micromolecular 

gases such as HCN, H2O, and H2 could have escaped from PAN due to the cyclization. During further 

heating to the final temperature of 1000 °C, the sample loses a further 11.4 / 12.9 % of mass. The 

residual mass is finally 21.5 / 22.9 %. 

The program for pyrolyzation of the PAN fibers was obtained from the literature before the result of 

the TGA was ready. This result could be considered for future experiments, for example in lowering 

the stabilization temperature to 250 °C-280 °C. 

The PAN fibers obtained were exposed to the heating process mentioned in the previous Section. In 

Figure 34 are showed SEM images of the result. It could be seen that fibers were obtained after the 

pyrolyzation and remain with a similar shape. Figure 35 is a crop of one of the SEM images of the 

pyrolyzed fibers, and it shows that section of the fiber is circular. 

 

 

 
(b) 

 
(a) (c) 

Figure 34: SEM images of pyrolyzed PAN fibers with (a)10 K x, (b) 5 K x and (c) 40 K x of magnification. 

 

 
Figure 35: SEM image of section of pyrolyzed PAN fiber 

 

In Figure 49 of Appendix SEM images before and after pyrolyzation are showed, for comparison. 
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Table 10 shows the diameter estimation for the pyrolyzed fibers compared with the values for the 

fibers before pyrolyzation. It could be seen that there is a shrinkage of the fibers during the pyrolysis, 

which means a reduction of the 50 % of the cross-section area of the fibers. 

Table 10: Diameters of pyrolyzed PAN fibers, compared with the diametrs of the PAN fiber before pyrolyzation. 

 DMF+PAN 8 wt % pyro  DMF+PAN 8 wt % 

MIN (nm) 114.9 168.8 

MAX (nm) 155.4 224.8 

AVERAGE (nm) 132.7 187.2 

 

It would be interesting to try, in future experiments, to make the stabilization step under air 

atmosphere (and adapt the program), since it was found that fibers stabilized with air showed better 

carbon yield [72], a property desired for the conductivity of the fibers. 

 

5.1.2 MOFs 

In the following section results from the analysis performed to the MOFs will be presented.  

The MOFs were pyrolyzed with the program mentioned in the previous Section under N2 atmosphere. 

The proportions of mass of MOF74 that was lost after pyrolysis are the following: 66 % for the Ni-

MOF74, 67 % for the Ni75Co25-MOF74, 68 % for the Ni50Co50-MOF74, 68 % for the Ni25Co75-MOF74 and 

70 % for the Co-MOF74. 

 

In Figure 36 the TGA of Ni-MOF74 is showed and in Figure 51 of Appendix could be found the TGA of 

the other 4 MOFs synthetized.  

 

 
Figure 36: TGA of Ni-MOF74 
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The first weight loss step is attributed to the removal of occluded and coordinated water molecules. 

Therefore, the MOF can be called stable up to 250 °C. The second weight loss (approximately 300 °C) 

is related to the decomposition of organic linkers and the residual weight percent is assigned to the 

remaining metal oxides [30]. 

The mass loss observed after the pyrolyzation of the MOFs is similar to the ones observed in the TGA 

until 700 °C.  

Regarding the temperature of pryrolyzation, it could happen that the Ni acted as a catalyst for the 

carbonization, and the pyrolysis could be done until a lower temperature. This could be tested and 

optimized in future projects. 

 

The crystallinity of the framework compounds was confirmed by XRD measurements. The XRD 

diffractogram of Ni-MOF-74 before and after pyrolysis is showed in Figure 37. It could be seen that after 

pyrolysis there is no crystalline framework anymore. 

 

 

(a) (b) 
Figure 37: XRD diffractogram of Ni-MOF-74 (a) before pyrolysis and (b) after pyrolysis. 

 

The BET surface areas of the MOFs (before pyrolysis) are summarized in Table 11. All the prepared 

materials have surface areas consistent with those reported in the literature. 

 

Table 11: BET surface areas of the MOFs. 

MOF BET - MOF Before pyrolyzation 
(m²/g) 

BET - MOF After pyrolyzation (m²/g) 

Ni-MOF74 464 - 

Ni75Co25-MOF74 661 200 

Ni50Co50-MOF74 686  228 

Ni25Co75-MOF74 462 - 

Co-MOF74 274 - 
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It was also measured in the same conditions, the BET surface area of two of the MOFs after 

pyrolyzation. It could be observed that there was a surface reduction of the 67 % for the Ni50Co50-

MOF74 and of 70 % for the Ni75Co25-MOF74. 

The porosities of the MOFs after pyrolysis were investigated doing N2 sorption measurements. The 

results of the corresponding BET surface areas are showed in Table 12. 

Table 12: BET surface areas of the pyrolyzed MOFs 

MOFs pyrolyzed BET (m²/g) 

Ni-MOF74 189.220  

Ni75Co25-MOF74 186.447  

Ni50Co50-MOF74 195.094 

Ni25Co75-MOF74 235.123  

Co-MOF74 275.356 

 

Ni25Co75-MOF74 and Co-MOF74 have a larger amount of micropores resulting in higher surface areas. 

SEM images were also taken. Figure 38 shows the comparison of all the MOF before and after pyrolysis 

at 25 K of magnification. SEM images with other magnifications could be found in the Appendix. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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(g) (h) 

  
(i) (j) 

Figure 38: SEM images of the MOFs at 25 K of magnification. Before pyrolyzation: left side; after pyrolyzation right side. a, b) 
Ni-MOF74; c, d) Ni75Co25-MOF74; e, f) Ni50Co50-MOF74; g, h) Ni25Co75-MOF74; I, j) Co-MOF74 

 

It could be observed that the Ni-MOF74 formed larger crystallites and the sample looks denser. 

The combined Co-Ni MOFs and the Co-MOF74 look less dense which is in accordance with the higher 

surface area indicated in BET. 

In Figure 39 it could be seen more clearly the change in morphology after pyrolysis of the Ni-MOF74.  

  
Figure 39: SEM images of Ni-MOF74 at 50 K x of Magnification. Before pyrolyzation: left side; after pyrolyzation right side. 

 

The incorporation of the metals into the materials was determined by ICP-OES measurements. These 

measurements were performed after pyrolysis.  
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Table 13: Results of ICP-OES of the pyrolyzed MOFs. 
 

 Sample Co concentration [g/kg] Ni concentration [g/kg] 

 Ni-MOF74 - 756.75 

 Ni75Co25-MOF74 163.35 572.85 

 Ni50Co50-MOF74 369.15 369.7 

 Ni25Co75-MOF74 495.65 202.8 

 Co-MOF74 590.75 - 

 

The results confirm that the metals were incorporated into the crystalline structure. However, it could 

be seen a tendency for the Cobalt to be in a small lower amount than expected. It might be because 

during the synthesis, the Cobalt was less absorbed by the material. 

 

5.1.3 Fibers and MOFs combined 

In the following, the results of the supported catalyst obtained after the procedure of combination of 

the fibers and the Ni-MOF74 (small batch), are showed. 

After the combination and before the pyrolyzation a mass of 208 mg was obtained which was reduced 

into 99,38 mg after the pyrolyzation. Therefore, the mass loss was 52 %, that could be attributed 

mostly as a mass loss of the MOF. 

In the case of the scaled-up batch, before the pyrolyzation a mass of 1547 mg was obtained. After 

pyrolyzation this mass was reduced into 805,7 mg with a mass loss of 48 %. This smaller mass loss 

could be explained partly because no moisture was absorbed during the weighting and transportation 

to the oven. 

The results showed in the following correspond to the small batch. SEM images were obtained to 

observe which was the physical aspect of the supported catalyst. Also, EDS analysis was performed to 

detect if the Ni-MOF74 was homogeneously distributed, since this technique is capable of producing 

elemental distribution maps, like Nickel distribution map. 

The SEM images (Figure 40) show that the fibers maintain its structure after the combination 

procedure and posterior pyrolyzation. It could be seen also that there are white agglomerations, 

smaller and bigger ones, over the fibers. 

  
(a) (b) 



 

57  

 
(c) 

Figure 40: SEM images of PAN fibers combined with Ni-MOF74 and pyrolyzed at 700 °C in N2 atmosphere. (a)50 K x, (b) 10 K 
x and (c) 1 K x of magnification. 

 

From the Nickel distribution map compared with the SEM image (Figure 41) it could be then assumed 

that those agglomerations correspond to the pyrolyzed Ni-MOF74 (Figure 53 and Figure 55 Appendix). 

Regarding the distribution of the pyrolyzed MOF, it could be seen (Figure 41a and Figure 52 Appendix) 

that besides to the agglomerations, there is presence of Nickel (pink dots) all along the fibers, 

however, the concentration is not homogeneous. 

A way to improve this of the concentration could be to grind gently the MOFs and the fibers before 

the combination procedure, to help to disperse the possible MOFs agglomerations and to make more 

accessible for the MOFs to reach all the fibers. In the present procedure the mat of pyrolyzed fibers 

were broken with a glass stick in smaller parts, to help with the dispersion after 2 sonications, and 

after that an extra sonication was performed. The previous grinding of the MOFs wasn´t considered 

since it could compromise the structure. Before pyrolyzation, the MOFs have coordination 

interactions [26], which are not very strong, and the MOF could be broken under high pressures. 

Nevertheless, a very soft grinding could be tried and then evaluate its impact. 

It could be noticed also that the sample is mainly Carbon (Figure 41 and Figure 53 and Figure 55 from 

Appendix), coming from the pyrolyzed fibers and also from the structure of the pyrolyzed MOFs. From 

the ratio of elements obtained in different spots in the sample region showed in Figure 41b it could 

be noticed that in the dense bright pink areas the concentration of Nickel is high, corresponding to 

the white agglomerations already mentioned. Other points that have mixed colors in the overlapped 
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maps, are mainly carbon and a 10-30 % of Nickel and other points only carbon. The small amounts of 

Oxygen and Nitrogen could probably come from the MOFs that were pyrolyzed at lower temperatures 

under Nitrogen atmosphere. It could be seen that there were other elements detected in the sample 

(see Figure 41), but its concentration in all the points is very low and its overall presence is negligible.  

 

  
(a) 

  
 (b)  

 
(c) 

Figure 41: EDS analysis of PAN+Ni-MOF74. (a) SEM and overlapped image of SEM and Ni distribution map of the same 
region. (b) SEM and overlapped image of C and Ni distribution map (of the same region) with spectra positions. (c) Ratio of 

elements found in 7 different positions, marked in b (data in w-%, ranges). 

 

 

Spectrum name C N O F Na K Fe Ni Cu 

Sp. 7 - PANgc04 01_a - AB2 > 80 5 - 10 1 - 4 < 1 < 1 < 0.1 
 

< 5 < 1 

Sp. 8 - PANgc04 01_a - AB2 > 90 5 - 10 1 - 4 
 

< 1 < 0.1 
 

< 1 
 

Sp. 9 - PANgc04 01_a - AB2 40 - 50 
 

1 - 4 
    

50 - 60 
 

Sp. 10 - PANgc04 01_a - AB2 60 - 70 < 5 1 - 4 
    

20 - 30 
 

Sp. 11 - PANgc04 01_a - AB2 70 - 80 < 5 1 - 4 
 

< 1 
  

20 - 30 
 

Sp. 12 - PANgc04 01_a - AB2 70 - 80 5 - 10 1 - 4 < 1 < 1 
  

10 - 20 
 

Sp. 13 - PANgc04 01_a - AB2 > 80 5 - 10 1 - 4 
 

< 1 < 0.1 
 

< 5 
 

Sp. 14 - PANgc04 01_a - AB2  70 - 80 < 5  1 - 4 < 1 < 1      10 - 20 < 1 
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An ICP-OES was also performed to obtain the concentration of active material (Nickel) present in the 

combined catalyst. This result will be needed, combined with the electrochemical results, to calculate 

the mass activity. 

The result is showed in Table 14, compared with the previous results from the pyrolyzed MOFs. 

Table 14: Results of ICP-OES of the combined fibers with Ni-MOF74 compared with pyrolyzed MOFs. 

Sample Co concentration [g/kg] Ni concentration [g/kg] 

PAN+Ni-MOF74 0.04416 466.55 

Ni-MOF74 - 756.75 

Ni75Co25-MOF74 163.35 572.85 

Ni50Co50-MOF74 369.15 369.7 

Ni25Co75-MOF74 495.65 202.8 

Co-MOF74 590.75 <BSG 
 

As expected, the concentration of active material in PAN+Ni-MOF74 is the lowest one and the 

concentration of Nickel is in between the one of Ni75Co25-MOF74 and Ni50Co50-MOF74.  
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5.2 Electrochemical characterization 

 

5.2.1 Pyrolyzed MOFs  

 

Cyclic voltammetry (CV) measurements were done to the pyrolyzed MOFs following the protocol 

mentioned in Section Analysis methodology.  

The CV curves for cycles 1, 20 and 50 are showed in Figure 42 a, b and c. It could be seen that the mass 

activity of the different MOFs varies among the MOFs and the cycles. 

In Figure 43 it is showed the mass activity at 1.6 V in different cycles for the five MOFs analyzed. This 

allows to observe the performance of the catalysts along the cycles. 

  
(a) (b) 

 
(c) 

Figure 42: CV curves of the 5 pyrolyzed MOFs for cycle (a) 1, (b) 20, and (c) 50. 
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Figure 43: Mass activity at 1.6 V in different cycles for the five MOFs analyzed. 

 

It could be seen that in the first cycles, the MOFs with higher content of Cobalt have the highest 

activity, for example Co-MOF74 with 427 mA mg-1 followed by Ni25Co75-MOF74 with 281 mA mg-1. 

This could be also observed in the CV curves of the 1st cycle (Figure 42 a), where Co-MOF74 has the 

highest mass activity for all the potentials (V vs RHE) and the lowest onset potential. 

However, from the 1st cycle onwards the mass activity of both (Co-MOF74 and Ni25Co75-MOF74) 

decreases abruptly and after 14 cycles their activity falls down to 154 mA mg-1, to be the lowest ones, 

compared to the other MOFs studied.  

After that point both remain approximately constant. This is a behaviour commonly seen in other 

catalysts since there is usually a degradation in the catalyst after some cycles. Between cycle 26 and 

35 there is a small increasing on the activity in both cases, to decrease linearly after that. 

For the Ni50Co50-MOF74 case, it could be observed that the mass activity is relatively stable. Along all 

the cycles it is maintained between 245 mA mg-1 and 278 mA mg-1. This makes it the highest mass 

activity between the second and fifth cycle. From the cycle 6 onwards it becomes the second higher 

mass activity after Ni-MOF74. 

On the other hand, the mass activity of the Ni75Co25-MOF74 show to be lower than the other MOFs in 

cycle 1 with 140 mA mg-1 at 1.6 V vs RHE (Figure 43). It is also lower than the mass activity of the other 

MOFs along all the potentials in cycle 1 (Figure 42a). Additionally, the onset potential is higher than 

the other MOFs.  

After the first cycle the mass activity increase (Figure 43), until cycle 5 with 242 mA mg-1. From cycle 

7 onwards it decreases gradually to be approximately constant between cycle 12 and 35 with a value 

between 200 mA mg-1 and 225 mA mg-1. After the 35th cycle the mass activity surpasses that range and 

increases linearly, reaching its higher value in the 50th cycle with 278 mA mg-1. 
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The mass activity of the Ni-MOF74 along the first cycles, appear to be smaller than the other MOFs. 

Nevertheless after 6 cycles it becomes the one with higher activity with 279 mA mg-1. From cycle 6 

onwards the activity continues increasing along all the cycles, reaching 732 mA mg-1 in the 50th cycle. 

As it was mentioned for the mass activity at 1.6 V vs RHE, there is an increase and decrease of the 

mass activity for all the voltages and this change could be observed in Figure 42 from cycle 1 to cycle 

20. In Figure 42 b and c (cycle 20 and 50) a similar behavior could be observed: the Ni-MOF74 exhibits 

the lowest onset potential, followed by Ni75Co25-MOF74 and Ni50Co50-MOF74 with a similar value. The 

highest on set potential is given by Ni25Co75-MOF74 and Co-MOF74 with a similar value as well 

It would be interesting to do more cycles to evaluate if the activity of the Ni-MOF74 keeps increasing. 

From these observations, it could be implied that the Cobalt suffers of a degradation along the cycles. 

In the other hand, with an opposite behavior, the Nickel has an activation as the cycles progressively 

increase. 

The MOFs with pure content of one of the metals have clearly this performance and the ones with 

mixed content of Ni and Co, may be experiencing a competition between the effects of each metal. 

The Ni50Co50 could be showing a very stable activity because the degradation of the Co and the 

activation of the Ni are compensated.  

The Ni75Co25-MOF74 does not adjust completely to this explanation. Activation possibly coming from 

nickel is observed during the first few cycles, but after that the curve would be expected to surpass 

the Ni50Co50 curve, and it does not occur. Since it´s very close to it, it could be attributed to an 

experimental error, like temporary bubble forming under the electrode during the measurements. 

Therefore, the measurement should be repeated.  

It is also interesting to observe in the CV curves, that there is a formation of peaks at low potentials. 

Figure 44 shows a zoom in this area of the graphs. 
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c d 

Figure 44: Zoom in at low potentials of the CV curves of (a) Ni-MOF74, (b) Ni75Co25-MOF74, (c) Ni50Co50-MOF74, and (d) 
Co-MOF74. 

The formation of peaks seems to be related to the Ni. The peaks could be clearly seen in the Ni100-

MOF graph (a), and after the proportion of Ni is decreased (Ni75Co25-MOF74 and Ni50Co50-MOF74) 

there is still some presence of the peaks, but they appear greatly reduced and smoothed. It could be 

thought that the Co inhibits the formation of these peaks. 

It was observed by Thangavel et al. [13] that LSV curves showed a typical oxidation peak at 1.35 V (vs. 

reversible hydrogen electrode (RHE)) due to the transformation of Ni2+ to Ni3+ in alkaline solution, 

prior to OER. However, introducing Fe into Ni-BTC shifts the anodic peak (Ni2+/Ni3+) towards more 

positive values and its redox behavior is significantly affected. 

It could be seen from Figure 44 that there are two peaks formed: one positive and another negative. 

The positive peak might be related to an oxidation occurring when the potential is increased and the 

negative peak, to a reduction when the potential is decreased back. [60] This may lead to the idea that 

there are other species formed while the experiment is conducted, and these species seem to have a 

very good activity. 

It could be also observed that the area of both peaks increases as the cycles progress, leading to the 

idea that the amount of the redox species formed is bigger when the cycles are higher. This could 

occur because of a leaching of the carbon in the MOFs along the cycles, resulting in more active Ni 

sites being exposed. 

This could be an explanation of the continuously increasing activity of the Ni-MOF74. 

 

With the results exposed, the Ni-MOF74 was chosen to be combined with the fibers, since it showed 

the best activity along the cycles. 
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5.2.2 Nanofibers and MOFs combined 

 

CV measurements were done to the combined Ni-MOF74 and PAN fibers. In Figure 45 could be seen 

the results obtained: a, b and c show the CV curves for cycles 1, 20 and 50 respectively, and Figure 46  

shows the mass activity at 1.6 V in different cycles, compared with all the pyrolyzed MOFs. 

 

  
(a) (b) 

 
(c) 

Figure 45: CV curves of the PAN+Ni-MOF74 and the pyrolyzed Ni-MOF74 and Ni50Co50-MOF74 for cycle (a) 1, (b) 20, and 

(c) 50. 
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Figure 46: Mass activity at 1.6 V in different cycles for PAN+Ni-MOF74 and the five pyrolyzed MOFs. 

 

 

In Figure 45 a, b and c the PAN+Ni-MOF74 curve was compared to the Ni-MOF74 and also to the 

Ni50Co50-MOF74 for reference purposes. It could be seen that the PAN+Ni-MOF74 follows very well 

the behavior of the Ni-MOF74. This would suggest that during the process of combination, the catalyst 

is not affected. The activity of the combined catalyst is a bit smaller than the MOF alone, but it remains 

higher than all the other MOFs. 

Focusing on the comparison between the combined PAN+Ni-MOF74 and the Ni-MOF74, Figure 46 

shows that in all the cycles the activity of the supported catalyst is a bit lower than the MOF alone 

(142 mA mg-1 vs 159 mA mg-1 in cycle 2), becoming a bigger difference in higher cycles (466 mA mg-1 vs 

731 mA mg-1 in cycle 50). And in graphs a, b and c (Figure 45) it could be seen that difference gets 

bigger for higher potentials than 1.6 V (vs RHE). 

It could be also seen in Figure 46, that after cycle 30 the activity of the PAN+Ni-MOF74 appears to 

become constant at 1.6 V with a value between 480 mA mg-1 and 500 mA mg-1, while Ni-MOF74 

continues increasing.  

This could be also related with the formation of peaks already mentioned above. In Figure 47 a could 

be seen that the PAN+Ni-MOF74 shows the formation of peaks as the Ni-MOF74 alone showed. Along 

the cycles, it could be seen, that the area of the peaks in the PAN+Ni-MOF74 CV curve stop to increase 

after cycle 20/30. This leads to the idea that the peaks area becoming constant could be related with 

the approximately constant activity at 1.6 V. 
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(a) (b) 

Figure 47: Zoom in at low potentials of the CV curves of (a) PAN+Ni-MOF74, and (b) Ni-MOF74 
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6 Summary and Outlook 
 

Water electrolysis is the simplest method to produce green hydrogen. The alkaline anion exchange 

membrane electrolysis (AEMWE) combines the advantages of the acidic polymer electrolyte 

membrane electrolysis (PEMWE) and the alkaline electrolysis (AEL) and at the same time eliminates 

their disadvantages [5,20]. However, the sluggish kinetics of the Oxygen evolution reaction (OER) at 

the anode is a bottleneck for water splitting efficiency [13]. 

For this purpose, supported catalysts for the oxygen evolution reaction (OER) were developed.  

In this sense, a “Combined catalyst synthesis” was tested, electrospinning a methanolic solution of 

Polyvinylpyrrolidone (PVP) and a Ni-containing Metal Organic Framework (Ni-MOF74) with posterior 

pyrolyzation. It was showed that no fibers were obtained after the heating process. 

Additionally, a “3 Step catalyst synthesis” was tested. In this case, the fiber production by 

electrospinning and the MOFs were analyzed and optimized separately and then combined. 

As a first step, the effect of controlling parameters on the electrospun fiber size and morphology was 

studied. Therefore, polymer/PVP concentration, type of solvent and voltage were varied. It was found 

that an increasing concentration of the polymer solutions from 4 wt % to 8 wt % was correlated with 

an increase in the average diameter of the fibers. Beaded fibers were found in lower concentrations 

than 8 % wt. Regarding the type of solvent, thinner fibers were electrospun from a Methanol solution 

compared to Ethanol based solution.  It could be observed that when the mixed solvent Ethanol/DMF 

50/50 w/w was used, thinner fibers were obtained, with comparable diameter as the electrospun from 

Methanol. The average diameters of the fibers obtained after voltage variation showed no tendency, 

under the chosen conditions. The PVP fibers were pyrolyzed, showing no carbon fibers after this 

process. 

Moreover, the variation of the polymer was also studied. Polyacrylonitrile (PAN) fibers were 

effectively electrospun from an 8 wt % solution with N,N-Dimethylformamide (DMF) under 15 kV with 

an average diameter of 187 nm. After pyrolyzation up to 1000 °C, carbon fibers were obtained. It was 

observed that the fibers suffered a shrinkage during the heating process, reducing its diameter to 132 

nm approximately ( ̴30% reduction). 

 

Metal Organic Framework (MOF) with 5 different ratios of Nickel and Cobalt were characterized, 

physical, chemical, and electrochemically. These MOFs were pyrolyzed at 700 °C. 

The OER performance of the MOFs was evaluated using Cyclic Voltammetry (CV) in a three-electrode 

setup. A rotating disk electrode (RDE) was used as working electrode in a 1 M aqueous KOH electrolyte 

with a scan rate of 10 mV s-1 along 50 cycles. 

Along the first cycle, the mass activity of the MOFs with higher content of Co was higher than the 

other MOFs. However, this behaviour was reversed as the cycles increased. 

The MOF with higher content of Nickel (Ni-MOF74) showed higher mass activity than the other MOFs 

from cycle 6 onwards. The mass activity continued increasing along all the cycles, reaching 
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732 mA mg -1 in the 50th cycle. The Ni50Co50-MOF74 showed to have a stable mass activity while the 

MOFs with higher content of Cobalt decrease in their mass activity to the lower one after 6 cycles. 

Since the Ni-MOF74 showed the best activity along the cycles, it was chosen to be combined with the 

pyrolyzed PAN fibers.  

Finally, a processing step was developed for the combination of the carbon fibers and the selected 

MOF by impregnation. Afterwards the supported catalyst (PAN+Ni-MOF74) was successfully produced 

and characterized.  

It was observed that there was presence of Nickel along all the carbon fibers although some 

agglomerations of pyrolyzed MOFs were found. This could be improved in future 

experiments/investigations grinding the MOF gently before combination or increasing the energy 

applied during sonication. It could be also considered, including the MOF in the PAN solution for 

electrospinning to obtain composite fibers and posterior pyrolyzation. In this case it should be studied 

the effect of the temperature of pyrolyzation on the conductivity of the fibers and the structure of the 

MOFs. 

The OER performance of the combined catalyst was studied with a Cyclic Voltammetry in the same 

setup and conditions as the pyrolyzed MOFs. The combined catalyst (PAN+Ni-MOF74) showed a 

similar behaviour as the pyrolyzed Ni-MOF74. The mass activity was lower than the other MOFs in the 

firsts cycles but from cycle 7 onwards it showed higher mass activity compared to the obtained with 

the MOFs with lower content of Nickel. The PAN+Ni-MOF74 had an increasing mass activity from the 

1st cycle onwards experiencing activation, until cycle 30 when it stabilizes. Along all the cycles it had 

lower mass activity as the pyrolyzed Ni-MOF74. In future experiments increasing the content of MOF 

in the combined catalyst could be studied in order to obtain a higher mass activity, closer to the activity 

of the Ni-MOF74. 

Summarizing, it was successfully studied two methods for the production of a supported catalyst 

based on Ni-MOF74 and electrospun fibers for the OER in water electrolysis. Therefore, a valuable 

basis for subsequent experimental work is ensured with promising perspectives for the obtention of 

a catalyst with a higher activity. 
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Appendix Experimental Setup and Procedure 
 

Electrospinning Protocol  

  

 Fill syringe with solution (either with cannula or through electrospinner tip) 

• Set syringe pumps: v = 1.2 mL/h, d = 15.8 mm; then start pump (Place watch glass underneath, 

run to prevent drying out). 

• Distance between collector and electrospinner tip (approx. 12.5 cm)  

• Cover plate collector with aluminium foil 

• Align microscope to tip, check on laptop. 

• Switch on the fume hood at the top rear. 

• Check grounding cable on collector 

• Switch on Humidity Control [ON]: 33 %RH; wait until desired humidity is reached. 

• Connect tips to high voltage source (red cables) 

 Set the high voltage (15 kV for one tip) 

• Close the hood 

Switch on the high voltage [ON] (electrospinning starts here!) (Volume that has already through the 

syringe = V0) 

__________________________________________________________________________________ 

• After the desired running time, switch off the high voltage [OFF]. 

• Wait 5 min until potentials are reduced! 

• Switch off Humidity-Control and rotating collector [OFF] 

• Open hood 

• Before touching the syringe / tip: Short-circuit the tip and ground (this ensures that there is 

no residual potential). 

• Remove syringe with needle from the electrospinner, return excess solution to storage 

container, wash needle and tip with water and dry with compressed air. 

• Wash storage container, needle and tip with water or solvent and dry with compressed air. 

• Remove the aluminum foil with the product from the collector and scrape off the product with 

a plastic spatula and weigh it 
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Detailed synthesis of the MOF-74 

 

LG01 (Ni50Co50DOT) 

2,5-Dihydroxyterephthalic acid (3.13 g, 15.82 mmol, 1 eq.) was dissolved in a solvent-mixture of 
DMF:EtOH:H2O 50:3:3 (560 mL). Nickel acetate (1.97 g, 7.91 mmol, 1 eq.) and cobalt acetate (1.97 g, 
7.91 mmol, 1 eq.) were added under stirring (500 rpm) and the solution was heated to 120 °C for 6 h 
under reflux. The solution was allowed to cool to 20 °C slowly and was stirred for 14 h. The suspension 
was filtered (PTFE filter 0.45 µm) and suspended in DMF (100 mL), stirred for 1 h and filtered again. 
Then it was suspended in MeOH (100 mL) and stirred for 1 h. The suspension was filtered over a PES 
filter (0.8 µm) and left on air for 20 h. Then it was activated in a vacuum of 3.8 x 10-3 mbar and the 
brown solid (2.65 g) was stored under argon. 
 
LG02 (Ni75Co25DOT) 

2,5-Dihydroxyterephthalic acid (3.13 g, 15.82 mmol, 1 eq.) was dissolved in a solvent-mixture of 
DMF:EtOH:H2O 50:3:3 (560 mL). Nickel acetate (2.95 g, 11.87 mmol, 0.75 eq.) and cobalt acetate (0.99 
g, 3.96 mmol, 0.25 eq.) were added under stirring (500 rpm). The suspension was heated to 120 °C for 
5 h under reflux. The solution was allowed to cool to 20 °C slowly under stirring for 14 h. The 
suspension was filtered (PTFE filter 0.45 µm), suspended in DMF (100 mL), stirred for 1 h and filtered 
again. Then it was suspended in MeOH (100 mL) and stirred for 1 h. The suspension was filtered over 
a PES filter (0.8 µm) and left on air for 20 h. Then it was activated in a vacuum of 4 x 10-3 mbar and the 
brown solid (3.32 g) was stored under argon. 
 

LG03 (Ni25Co75DOT) 

2,5-Dihydroxyterephthalic acid (3.13 g, 15.81 mmol, 1 eq.) was dissolved in a solvent-mixture of 
DMF:EtOH:H2O 50:3:3 (560 mL). Nickel acetate (0,98 g, 3.95 mmol, 0.25 eq.) and cobalt acetate (2.95 
g, 11.86 mmol, 0.75 eq.) were added under stirring (500 rpm) and the solution was heated to 120 °C 
for 6 h under reflux. The solution was allowed to cool to 20 °C slowly and was stirred for 14 h. The 
suspension was filtered (PTFE filter 0.45 µm), suspended in DMF (100 mL), stirred for 2.5 h and filtered 
again. Then it was suspended in MeOH (100 mL) and stirred for 1 h. The suspension was filtered over 
a PES filter (0.8 µm) and left on air for 20 h. Then it was activated in a vacuum of 2.3 x 10-3 mbar and 
the brown solid (3.48 g) was stored under argon. 
 

LG04 (CoDOT) 

2,5-Dihydroxyterephthalic acid (3.13 g, 15.81 mmol, 1 eq.) was dissolved in a solvent-mixture of 
DMF:EtOH:H2O 50:3:3 (560 mL). Cobalt acetate (4.00 g, 15.81 mmol, 1 eq.) was added under stirring 
(500 rpm) and the solution was heated to 120 °C for 6 h under reflux. The solution was allowed to cool 
to 20 °C slowly and was stirred for 14 h. The suspension was filtered (PTFE filter 0.45 µm), suspended 
in DMF (100 mL), stirred for 2.5 h and filtered again. Then it was suspended in MeOH (100 mL) and 
stirred for 1 h. The suspension was filtered over a PES filter (0.8 µm) and left on air for 20 h. Then it 
was activated in a vacuum of 2.3 x 10-3 mbar and the brown solid (3.50 g) was stored under argon. 
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Appendix Results and discussion 
 

In this Appendix, more results are included. 

  

(a) (b) 

  

(c) (d) 
Figure 48: SEM images of electrospun fibers from a solution with 8 wt % of concentration of PVP and (a) Methanol, (b) 

Ethanol, (c) Ethanol/DMF 50/50 w/w, and of (d) PAN and DMF (10 K x of magnification). 

 

  

(a) (b) 
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(c) (d) 

  

(e) (f) 
Figure 49: SEM images of PAN fibers before pyrolyzation (left column) and after pyrolyzation (right column) at 40 K x (a and 

b), 10 K x (c and d) and 5 K x (e and f) of magnification 
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(a) 

 

(b) 
Figure 50: TGA of PVP fibers under N2 atmosphere. 
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(a) (b) 

  

(c) (d) 
Figure 51: TGA Analysis of (a) Ni75Co25-MOF74, (b) Ni50Co50-MOF74, (c) Ni25Co75-MOF74 and (d) Co-MOF74 
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(e) (f) 

  

(g) (h) 

  

(i) (j) 
Figure 52: SEM images of the MOFs at 5 K of Magnification. Before pyrolyzation: left column; after pyrolyzation right 

column (a) and (b) Ni-MOF74; (c) and (d) Ni75Co25-MOF74; (e) and (f) Ni50Co50-MOF74; (g) and (h) Ni25Co75-MOF74; (i) and 
(j) Co-MOF74 

 

  

(a) (b) 
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(c)  

  

(e) (f) 

  

(g) (h) 

  

(i) (j) 
Figure 53: SEM images of the MOFs at 10 K of Magnification. Before pyrolyzation: left column; after pyrolyzation right 

column. (a) and (b) Ni-MOF74; (c) Ni75Co25-MOF74; (e) and (f) Ni50Co50-MOF74; (g) and (h) Ni25Co75-MOF74; (i) and (j) Co-
MOF74 
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(a) (b) 

  

(c) (d) 
 

 

 (f) 

  

(g) (h) 

  

(i) (j) 
Figure 54: SEM images of the MOFs at 50 K of Magnification. Before pyrolyzation: left column; after pyrolyzation right 

column. (a) and (b) Ni-MOF74; (c) and (d) Ni75Co25-MOF74; (f) Ni50Co50-MOF74; (g) and (h) Ni25Co75-MOF74; (i) and (j) Co-
MOF74 
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(a) (b) 
Figure 55: EDS analysis of PAN+Ni-MOF74. SEM and overlapped image of SEM and Ni distribution map of the same region. 

(5 K x of Magnification) 

 

 

  

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 
Figure 56: Single element images at 5 K x of Magnification from the EDS mapping of the combined catalyst PAN+Ni-MOF74   
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(a) (b) 
Figure 57: EDS analysis of PAN+Ni-MOF74. SEM and overlapped image of C and Ni distribution map of the same region. (50 

K x of Magnification) 

 

 

  

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 
Figure 58: Single element images at 50 K x of Magnification from the EDS mapping of the combined catalyst PAN+Ni-

MOF74. 
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