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Abstract 
This work aimed to develop carbon nanotube (CNT) supported electrocatalysts for 
electrochemical energy conversion, targeƟng the oxygen reacƟons occurring in a uniƟzed 
regeneraƟve fuel cell (URFC). A monometallic catalyst obtained by impregnaƟon of CNT 
with nickel(II) nitrate followed by thermal treatment at 260 oC under H2 (CNTNi_260H2) 
displayed the best performance in the oxygen evoluƟon reacƟon (OER), whereas CNT 
doped with iron(II) phthalocyanine (CNTFePc) showed the best performance in the oxygen 
reducƟon reacƟon (ORR). A bifuncƟonal catalyst prepared by physically mixing these 
samples in a 1:1 mass raƟo (CNTNi_260H2/CNTFePc) exhibited beƩer electrocatalyƟc acƟvity 
than a commercial benchmark electrocatalyst for OER and an ORR performance similar 
to that of the widely used Pt/C electrocatalyst. UlƟmately, CNTNi_260H2/CNTFePc presented 
the lowest potenƟal gap of all the synthesized samples and benchmark catalysts, thus 
demonstraƟng its great potenƟal to replace noble metals and be tested at a larger scale. 
Author Keywords. Oxygen evoluƟon reacƟon, Oxygen reducƟon reacƟon, UniƟzed 
regeneraƟve fuel cell, Nickel, Iron(II) phthalocyanine. 

 
1. Introduction 

Modern energy supply in our society is mostly based on fossil fuels, which depends on finite resources 
that will be depleted in the near future. The high consumpƟon of these fuels and consequent emissions 
of carbon dioxide have adverse impacts on climate change. Thus, the use of energy obtained from 
renewable sources is crucial to fight global warming and ensure the sustainability of the planet. 
Therefore, it is essenƟal to opƟmize systems for energy storage when renewable energy producƟon 
exceeds energy consumpƟon and for its reconversion into electrical energy when demand surpasses 
instant producƟon. 
Currently, noble metals are widely used as catalysts for electrochemical energy conversion, but are 
associated with high costs. Carbon materials are a good alternaƟve, as they are significantly less 
expensive than noble metals. Therefore, the objecƟve of this study was to prepare highly acƟve 
bifuncƟonal electrocatalysts for the oxygen reacƟons occurring in a uniƟzed regeneraƟve fuel cell 
(URFC). To achieve this objecƟve, iron phthalocyanine (FePc) and/or nickel species were incorporated 
onto carbon nanotubes (CNT) and tested towards the oxygen evoluƟon and reducƟon reacƟons (OER 
and ORR, respecƟvely). 

2. Materials and Methods 
Electrocatalysts for OER were prepared by incorporaƟng nickel(II) nitrate hexahydrate on CNT by 
incipient wetness impregnaƟon (IWI) followed by thermal treatments in two different atmospheres (N2 
and/or H2) and at various temperatures. CNT were also modified by incorporaƟon of FePc by IWI 
followed by a thermal treatment under N2 atmosphere at 500 °C for 2 h (CNTFePc). This Fe-doped CNT 
sample has been previously tested as ORR electrocatalyst, displaying a performance similar to that of 
the benchmark Pt/C catalyst. The Ni-doped samples were electrochemically characterized to determine 
their OER acƟviƟes. AŌerwards, the best-performing Ni-doped CNT (CNTNi_260H2) and CNTFePc were 
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physically mixed using a 1:1 mass raƟo (CNTNi_260H2/CNTFePc). The electrochemical measurements (cyclic 
voltammetry – CV, linear sweep voltammetry – LSV, and stability tests) were performed using 0.1 mol 
L-1 of KOH as the electrolyte in a convenƟonal 3-electrode cell. To determine the bifuncƟonality of the 
catalysts for the oxygen reacƟons, the potenƟal gap (ΔE), which corresponds to the difference between 
the OER potenƟal at 10 mA cm-2 (E10), and the ORR half-wave potenƟal (E1/2) was calculated. 

3. Discussion 
The prepared carbon electrocatalysts were tested in the OER. The OER electroacƟvity of the samples 
treated under H2 atmosphere was higher than their N2-treated counterparts, in which CNTNi_260H2 
achieved a very low E10 (1.59 V). Nevertheless, the best performance among all samples was obtained 
with the bimetallic catalyst (CNTNi_260H2/CNTFePc), an E10 as low as 1.57 V being obtained. This 
performance is even slightly beƩer than that of RuO2 (E10 = 1.58 V) – a convenƟonal electrocatalyst for 
OER. Regarding ORR, CNTNi_260H2 presents a poor performance towards this reacƟon. Nonetheless, 
CNTNi_260H2/CNTFePc displays an excellent performance in the ORR, surpassing that of Pt/C (E1/2 of 0.91 V 
vs 0.83 V, respecƟvely), with negligible by-product formaƟon. Regarding stability during the ORR, 
CNTNi_260H2 performed beƩer than CNTFePc, but worse than Pt/C. However, the stability of the bimetallic 
catalyst formed by the mixture of these two samples is quite close to that of Pt/C, which is a good 
indicaƟon of its long-term performance as ORR electrocatalyst. Concerning oxygen bifuncƟonality, all 
the prepared samples led to a ΔE lower than that of Pt/C, which indicates that these catalysts are beƩer 
suited to be used in a URFC. Among all samples prepared, the bimetallic sample stands out 
(CNTNi_260H2/CNTFePc) with a ΔE of 0.66 V, which represents almost half the value obtained for Pt/C. 

4. Conclusions 
The highest electrocatalyƟc acƟvity towards OER among the monometallic catalysts was obtained with 
sample CNTNi_260H2. The bimetallic electrocatalyst (CNTNi_260H2/CNTFePc), which consists of a physical 
mixture of the catalysts with the best performance in OER and ORR, demonstrated the highest 
bifuncƟonality towards the oxygen reacƟons occurring in a URFC (i.e., ORR and OER), even surpassing 
that of the commercial noble metal-containing catalysts typically used at industrial scale. Therefore, 
the prepared materials have high potenƟal as a viable alternaƟve to replace noble metal-based 
electrocatalysts. 

References 
Morais, R. G., Rey-Raap, N.,  Figueiredo, J. L., Pereira, M.F.R. 2023. “OpƟmizaƟon of 
cobalton CNT towards the oxygen evoluƟon reacƟon and its synergy with iron (II) phthalocyanine as bifuncƟonal oxygen 
electrocatalyst”. In Catalysis Today 418. Accessed 26 March, 2023. DOI: 10.1016/j.caƩod.2023.114057. 

Acknowledgments 
This work was financially supported by project BiCat4Energy (PTDC/EQU-EQU/1707/2020), funded by 
naƟonal funds (PIDDAC) through FCT/MCTES; LA/P/0045/2020 (ALiCE), UIDB/50020/2020 and 
UIDP/50020/2020 (LSRE-LCM) funded by naƟonal funds through FCT/MCTES (PIDDAC). D.J.J.M. 
expresses graƟtude for the “Bolsa de Iniciação à InvesƟgação no Verao_com_Ciencia_2022_LSRE-LCM”, 
conducted at LSRE-LCM, funded by naƟonal funds through FCT – Fundação para a Ciência e Tecnologia, 
under the program “Verão com Ciência 2022”. R.G.M. acknowledges the research grant from FCT 
(2020.06422.BD). 
  


