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Abstract 

A modular, multi-component catalyst design principle is introduced and exemplified using a three-

component, ORR/OER catalyst designed for the oxygen electrode of unitized reversible fuel cells (URFCs). 

The catalyst system exhibited unprecedented catalytic performance in liquid electrolyte and in single 

unitized reversible fuel cell tests. The distinct components, each active for either ORR OER are prepared 

and optimized independently of each other and physically mixed during electrode preparation. The new 

modular URFC catalyst, Cu--MnO2/XC-72R/NiFe-LDH, combined a carbon-supported, Cu-stabilized -

MnO2 ORR catalyst with a NiFe-LDH OER catalyst and displayed improved activity and stability under 

URFC cycling compared to platinum group metal references. Stepwise modular optimization of the carbon 

and the interlayer anions of the OER component led to a further improved derivative, Cu--MnO2/O-

MWCNTs/NiFe-LDH-Cl-. This URFC catalyst outperformed all previous materials in terms of its 

combined overpotential ORR-OER and performance stability in RDE scale. Its single cell performance is 

analyzed and discussed. 

  



Dwindling fossil raw materials and the ongoing climate change require development of concepts based 

on renewable energies sources (RES) competing with fossil fuel-based technologies (oil, coal, gas). 

Changing from fossil fuel-based energy system to an energy system based on RES, such as wind or solar 

power plants, requires flexible large-scale energy storage capacities and on-demand provider technologies. 

Hydrogen due to high gravimetric energy density is a predestinated energy carrier molecule. In addition to 

its present industrial applications in fertilizer production, syn-gas chemistry to make methanol or liquid 

fuels using the Fischer-Tropsch process, hydrogen is a top candidate as an energy vector and renewable 

energy storage molecule. Using water electrolysis (WE), green hydrogen can be produced using surplus 

electricity provided by RES.1 Mobile and stationary Fuel Cells (FC) reconvert green hydrogen into 

electrical energy and water. Together, WE and FC constitute a closed chemistry and energy cycle.  

Combining WE and FC functions into one device is what is known as a regenerative hydrogen/oxygen 

fuel cell (RFC). The most compact RFC design is the unitized regenerative fuel cell (URFC), which consists 

of a single stack, in which the oxygen (positive) and hydrogen (negative) electrodes are intermittently used 

to catalyze the Oxygen Evolution Reaction (OER) and Hydrogen Evolution Reaction  or the Oxygen 

Reduction Reaction (ORR) and Hydrogen Oxidation Reaction. In other words, the electrodes act 

intermittently as anode or cathode depending on the mode of operation. URFCs offer a promising compact 

concept for conversion, storage and supply of renewable electricity. The compact design affords lower 

material costs, lower weight and volume, ideal for applications in remote areas or confined spaces. 

In practice, however, the kinetically sluggish multi-electron processes, in particular ORR and OER at the 

oxygen electrode, require large overpotentials.2,3 The overpotentials between ORR and OER result in wide 

potential gaps between the onset potentials of ORR and OER, which is why catalysts suffer from efficiency  

losses as well as degradation during intermittent fuel cell and water electrolysis operation. Especially carbon 

containing catalysts suffer from degradation mechanisms at significant levels at potentials above 1.3 V vs 

RHE.4-6 Furthermore, OER and ORR require different families of chemical catalysts making the successful 

search for a single catalyst with a single type of active site for both reactions unlikely. An alternative URFC 

catalyst design principle comprises a modular two-or more component bi-functional OER/ORR catalyst for 

URFCs. The key stipulation of a modular design is that the distinct catalyst components should be 

catalytically active and stable in their respective operation mode and electrode potential range. Another, 

equally important requirement, however, is that each catalyst component must remain stable under the 

respective reverse operation mode and potential range, and must not inhibit the operation of the other 

catalyst components. Indeed, it is the retention of performance under sustained intermittent switching 

between FC and WE operation that poses the key challenge for multi-component URFC catalysts. A number 

of previous publications have reported URFC oxygen catalysts with sufficient “one-way” reactivity for 

either ORR or OER.7-14 However, all these catalysts proved impractical under sustained alternating 



operation conditions due to severe degradation, agglomeration, carbon corrosion or site detachment, 

affecting especially the ORR active sites.15-17 To date, no multi-component bi-functional URFC 

electrocatalyst has ever exhibited satisfactory long-term stabilities under alternating OER and ORR 

operation at technologically relevant current densities nor has described a promising preparation method 

for suitable bi-functional system. Our contribution offers an auspicious approach for the design and 

assembly of active and stable bi-functional oxygen electrodes. 

We present a new three-component, bi-functional Platinum Metal Group (PGM)-free OER/ORR 

electrocatalyst design optimized for intermittent URFC operation. To avoid PGM components, 18,19 20 the 

catalytic active components of the catalyst rely exclusively on transition metal oxides (TMOs). 7,21-23 Nickel-

Iron layered double hydroxides (NiFe-LDH) are employed as the OER catalyst component. 7,24,25  The ORR-

active catalyst component - unlike in previous reports - was neither based on any type of metal-doped single 

metal atom carbon-based material, 7,26 nor the widely popular redox active -MnO2,25  which both severely 

lacking chemical stability under OER operation cycles or competitive ORR activity. We discovered that 

supported, Cu-stabilized, Cryptomelane-type -MnO2 overcomes the shortcomings of previous ORR 

catalyst components. Combining the NiFe-LDH phase and the Cu--MnO2 phase physically in a liquid ink 

with a conductive support in form of a three-component catalyst yields URFC oxygen electrodes with 

previously unachieved bi-functional ORR and OER performance and stability in 0.1 M KOH. Built from 

independently prepared and optimized components, the present catalyst design has a quite flexible modular 

character, which may allow further tuning of individual functionality. 

   



Catalyst preparation and physicochemical characterization 

The bi-functional catalyst system consists of two independently prepared catalytically active components, 

that is NiFe-LDH as OER-active component and Cu--MnO2 as ORR catalyst, as well as a carbonaceous 

component, such as commercial XC-72R or oxidized multi walled carbon nanotubes (O-MWCNT) as 

conductive support component. For the preparation of NiFe-LDH a microwave assisted one-pot synthesis 

route was used (Figure 1 a).7 Modifications of NiFe-LDH are based on a protocol reported by Song et al..27 

Cu--MnO2, was prepared based on a solvent free Top-Down approach (Figure 1 b).28 ICP-OES 

measurements reveal the Ni/Fe ratio to be 3 : 1. ICP-OES measurements of Cu--MnO2 determine a copper 

amount of 3.42 ± 0.16 wt. % and a manganese amount of 39.89 ± 0.11 wt. % corresponding to the used 

ratio of precursor metals. Schemes of NiFe-LDH and Cu--MnO2 are depicted in Figure 1 a) and b) 

respectively. Detailed synthesis recipes are available in SI. The carbon component is necessary to increase 

the electrical conductivity and the accessible surface area of the tested electrocatalyst, especially of Cu--

MnO2. TEM images of the separately prepared catalyst materials show NiFe-LDH flakes tending to form 

agglomerates, making an accurate determination of thickness or size difficult (Figure 1a) and rod-like Cu-

-MnO2 nanoparticles supported on XC-72R, with a length of 100 nm and a width of 10 nm (Figure 1 b).  

X-Ray diffraction patterns of the prepared materials (Figure 2 a) relate to the literature known X-Ray 

diffraction patterns of pure tetragonal Cryptomelane-Q phase (Cu--MnO2; JCPDS: 00-044-0141), Vulcan 

XC-72R and rhombohedral NiFe-LDH (JCPDS: 00-014-0191). The physical mixture shows a superposition 

of the separated components. 

   



 

 
Figure 1. Basic concept of the herein introduced catalyst system consisting of two independent components. 

a) Schematic Synthesis of NiFe-LDH including TEM images b) Synthesis scheme of Cu--MnO2 (copper 

doped cryptomelane type -MnO2). 

 

To investigate the morphology of the prepared catalyst systems on the working electrode, 10 mm diameter 

cylindrical glassy carbon (GC) electrodes were drop coated using inks made of Cu--MnO2 supported on 

Vulcan XC-72R, of NiFe-LDH and of the combined Cu--MnO2/XC-72R/NiFe-LDH. The resulting SEM 

images represent the initial electrode surfaces before RDE tests. The electrodes prepared using the 

individual components separately showed identical features as described above for the TEM images. 

However, the electrodes coated by the three-component system revealed interesting and important 

unexpected features. Despite the low overall content of NiFe-LDH (20 wt. %), 100 % of the electrode 

surface is covered by the layered double hydroxide including the coverage of XC-72R supported Cu--

MnO2, determined by SEM (Figure 2d). The observed film morphology can be explained by means of 

surface charge -based electrostatic attraction. Measurements of the zeta potential of NiFe-LDH and Cu--

MnO2/XC-72R in the catalyst ink conditions revealed values of 11.34 ± 0.81 mV and -9.23 ± 0.42 mV, 

respectively. This finding is in good agreement with described coverage effects of -MnO2 and NiFe-

LDH.25 

 



 
Figure 2. a) X-Ray diffraction patterns obtained with Cu-K radiation. The lower part of a) shows the 

diffraction patterns of the separated components Cu--MnO2, Vulcan XC-72R and NiFe-LDH. The upper 

part depicts the physical mixture of the mentioned components. b-d) SEM images with different 

magnifications (upper row: 1 µm, lower row: 100 nm) of (b) Cu--MnO2@XC-72R, (c) NiFe-LDH and (d) 

the physical mixture of Cu--MnO2, XC-72R and NiFe-LDH (from left to right) 

 

To investigate the role and influence of Cu on structure and reactivity of the ORR-active component, -

MnO2 catalysts doped with Cu, Ni and Co each with a share between 3.4 and 3.5 wt. % were prepared and 

their physicochemical and electrochemical properties were compared. As shown in Figure 3, Co, Ni and 

Cu do not influence the crystal structure of -MnO2 (Figure 3 a)). XPS was used to investigate the influence 

of Cu, Ni and Co on the electronic surface state of -MnO2 (Figure 3 c and 3d), in conjunction with different 

manganese oxides (Mn3O4, -Mn2O3, commercial MnO2 and -MnO2). Conclusions on the Mn redox states 

are possible by observing the Mn 3s multiplet splitting. Increasing oxidation states are accompanied by 

decreasing magnitude of peak splitting. The reference materials showed Mn 3s splitting in excellent 

agreement with literature references.29 Based on the Mn 3s multiplet splitting (4.6 eV) in Figure 3c, Cu--

MnO2 and -MnO2 were all in the oxidation state +4. It is evident that copper in the catalyst material did 

not influence the manganese oxidation state, since Cu--MnO2 and -MnO2 reveal the same Mn 3s 

multiplet splitting. The same observation was made for Co--MnO2 and Ni--MnO2, too, see Figure 3d. 

An influence of the dopants on the oxidation state and thus potentially on the electrocatalytic activity of -

MnO2 can therefore be excluded. A synoptic view of all XPS data of the complete set of materials is given 

in SI. 

Contact-free microwave cavity perturbation technique (MCPT) measurements were conducted to 

investigate the influence of the dopants on the electric conductivity of the materials.30,31 Setup and 

measurements are described in SI. A near-linear correlation between the measured electrode potential at -



3mA cm-2 and the electrical conductivity was uncovered (Figure 3b) highlighting that the dopants directly 

influence the electrical conductivity of the ORR catalysts. Cu--MnO2 revealed the highest electrical 

conductivity accompanied by the lowest overpotential to provide -3 mA cm-2. 

 

 
Figure 3. Physicochemical characterization of M--MnO2 (M = -, Co, Ni, Cu). a) XRD measurements of 

M--MnO2 for the evaluation of the crystal structure. b) Correlation of potential to provide a current density 

of -3 mA cm-2 and the electrical conductivity measured by MCPT. c) XPS measurements of Mn 3s of M-

-MnO2 (M = -, Co, Ni, Cu) to determine the influence of the dopant on the oxidation state. d) XPS 

measurements of Mn3s core level for the evaluation of the oxidation state of Mn, including measurements 

of reference materials: -MnO2, commercial MnO2, -Mn2O3 and Mn3O4. 

 

Electrochemical Characterization of modular bifunctional catalysts 

The electrocatalytic ORR and OER activities of the two individual active components of the modular 

URFC catalyst, Cu--MnO2/Carbon/NiFe-LDH, were compared to those of physically mixed, commercial 

noble-metal reference catalysts (mixture of 20 wt. % Pt/C and 20 wt. % Ir/C on Vulcan XC-72R) using a 

three-electrode rotating disk electrode (RDE) setup at a very low mass loading of only 0.2 mg cm-2 (Figure 

4a). The reversible oxygen electro activity tests revealed previously unachieved electrocatalytic bi-

functional ORR and OER activities, not only of the individual components Cu--MnO2/XC-72R and NiFe-

LDH, respectively, but also of the combined URFC catalyst. More importantly, both materials displayed 

no significant activity for the respective reverse reaction (Figure 4a). The comparison between the modular 



Cu--MnO2/XC-72R/NiFe-LDH catalyst and the commercial Pt-Ir system in Figure 4 a) exhibited the full 

advantages of the modular catalyst in alkaline conditions. Tests of the electrocatalytic activity and stability 

of Cu--MnO2/XC-72R/NiFe-LDH under prolonged URFC cycling are depicted in Figure 4 a) – d). Despite 

the very low loadings of Cu--MnO2 of only 0.2 mgcat cm-2, the ORR activity of the three-component system 

exceeded all noble metal reference catalysts. Given the negligible ORR activity drop, significant 

detrimental cross talk between NiFe-LDH and the Cu--MnO2 affecting the ORR activity can be excluded. 

On the other hand, the OER activity of the investigated system actually increased compared to the pure 

NiFe-LDH component performance. Based on the more pronounced Ni2+/3+ redox features, we believe this 

increase in OER activity was caused by enhanced conductivity and more accessible surface area thanks to 

the carbon support.32,33 To some extend Cu--MnO2/XC-72R contributes at high anodic potentials to the 

overall OER currents. Although the PGM reference catalyst showed more anodic, which is more beneficial, 

ORR onset potentials in Figure 4a, the potential necessary to supply -3 mA cm-2 was comparable for that 

of the three-component URFC catalyst. By contrast, Cu--MnO2/XC-72R/NiFe-LDH showed more a more 

beneficial cathodic onset potentials for the OER as well as lower stationary potentials at +10 mA cm-2 

indicating higher OER activities. The influence of 0.5 M NaCl on the catalytic reactivity of the material is 

depicted in SI (Figure S13). 

  



 
 

 
Figure 4. Evaluation of the bi functional electrocatalytic performance: a) Comparison of the modular 3-

component Cu--MnO2/XC-72R/NiFe-LDH catalyst, the respective individual component, and the noble 

metal reference Pt-C/Ir-C (both 20 wt. % at C). b) Galvanostatic measurements of the electrocatalytic 

stability of Cu--MnO2/XC-72R/NiFe-LDH compared with the noble metal reference system c) Initial 

electrocatalytic activity of the primary material (Cu--MnO2/XC-72R/NiFe-LDH) compared with the 

modified material (Cu--MnO2/O-MWCNTs/NiFe-LDH-Cl-) and d) comparison of the galvanostatic 

stability of the primary material (XC-72R) and the modified material (O-MWCNT). The depicted 

measurements are conducted in O2 saturated 0.1 M KOH at RT and 1600 rpm, the LSVs are measured at a 

scan rate of 5 mV s-. e) Contrasting juxtaposition of the prepared catalyst systems with literature reported 

catalyst systems.7-14 All catalyst loadings are at 0.2 mg cm-2. 

 

To demonstrate the power of the modular catalyst design, we introduced chemical modifications to two 

out of the three catalyst components. First, we replaced the graphitized carbon with an oxidized carbon 

nanotube support yielding the URFC catalyst Cu--MnO2/O-MWCNTs/NiFe-LDH, labelled “O-

MWCNT” in Figure 4 c) and d). Oxidized MWCNTs are significantly more stable support materials, and 

contribute to OER and ORR reactivity. Then, we further modified the OER active component NiFe-LDH 

using anion exchange, without affecting the physicochemical and electrochemical properties of the other 

component (see detailed characterization of the Cu--MnO2/O-MWCNTs/NiFe-LDH-Cl- URFC catalyst 

in Figures S5-S12).  

The electrochemical evaluation of the modified URFC catalyst (Cu--MnO2/O-MWCNTs/NiFe-LDH-

Cl-) is depicted in Figure 4 c). As expected, the modified catalyst did not show any improvement in ORR 

activity. However, the OER activity is significantly improved compared to the unmodified catalyst system.    



The generated current density at applied electrode potential as well as the measured potential at +10 mA 

cm-2 are superior for Cu--MnO2/O-MWCNTs/NiFe-LDH-Cl-. The effective over-potential total = OER + 

ORR at +10 mA cm-2 (OER) and at -3 mA cm-2 (ORR) is plotted in Figure 4 e). Our starting URFC catalyst 

(Cu--MnO2/XC-72R/NiFe-LDH) reached a total of 0.709 V ± 0.001 V outperforming the commercial 

noble-metal reference catalyst by 90 mV. The Cu--MnO2/O-MWCNTs/NiFe-LDH-Cl- catalyst displayed 

a mere 0.682 ± 0.015 V outperforming all previous bi-functional catalysts reported to date (Figure 4 e)). 

We note that the use of further improved ORR components such as N,P-GCNS and CoSx/N, S-CNT in our 

modular approach could push the performance even higher.8 Galvanostatic stability measurements revealed 

the superiority of our URFC catalyst further (Figure 4 b and d). The lower electrode potential swings 

mitigated degradation leading to a clearly more stable catalyst system with a decrease in performance of 

only 0.0002 V h-1 (O-MWCNTs) compared to 0.0178 V h-1 (Pt-C/Ir-C reference) and 0.0016 V h-1 (Cu--

MnO2/XC-72R/NiFe-LDH) to supply the applied current densities. Lower electrode swings in alternating 

ORR/OER strain is especially an issue regarding carbon corrosion. All the catalysts compared contain a 

carbon component, but the potentials that are required providing the applied OER current range are 

different. The more active the material, the lower the applied potential, as a result of which a significant 

improvement is achieved with regard to the material stress and degradation can be minimized. Graphitized 

carbons, e.g. carbon nanotubes MWCNTs are significantly more stable than other carbon materials. This 

becomes clear in Figure 4 d). The significantly improved degradation is due to the significantly more stable 

carbon material. Nevertheless, in order to maintain the applied currents, potentials above 1.3 V must be 

applied in any case, which is viewed as critical for carbon corrosion. Therefore, 0.0002 V h-1 increase in 

voltage is remarkable in the case of the labeled O-MWCNT catalyst.5,6 

To investigate the catalyst performance in URFC single cell conditions, single cell unitized regenerative 

fuel cell (URFC) measurements were performed as depicted in Figure 5. Tests started with ORR 

polarization. 

 

 

Figure 5. URFC measurements of the prepared modular catalyst compared with noble metal reference 

catalyst. a) Full cell measurements of commercial Pt-C/Ir-C (both 20 wt. % at Carbon support). b) and c) 



Cu--MnO2/XC-72R/NiFe-LDH as oxygen electrode with different step times of the applied potential. The 

fuel cell polarization curves were measured with 250 mL H2 h-1 and 500 mL O2 h-1 at 50 °C with a relative 

humidity (RH) of 100 %. Water electrolysis measurements were conducted in 0.1 M KOH at 50 °C. 

The PGM reference catalyst showed excellent initial fuel cell activity, yet poor electrolysis performance. 

The stability of the Pt-C/Ir-C (both 20 wt. % at C) was poor, as well, judged by a significant decrease in 

fuel cell performance after one electrolysis cycle. Figure 5b and 5c show cell measurements of the modular 

Cu--MnO2/XC-72R/NiFe-LDH (2:2:1) catalyst. While the initial fuel cell performance of Cu--

MnO2/XC-72R/NiFe-LDH was somewhat lower than the reference, its performance during water 

electrolysis surpassed the reference significantly. Experimental error bars reflect degradation phenomena. 

The inset of Figure 5 evidences that the degradation is mainly due to the high oxidative potentials (> 1.8 Vcell 

potential). To mitigate oxidative degradation current hold times were adjusted (Figure 5c). Now, the initial 

fuel cell and electrolysis performance meet and outperform the PGM reference. Invariably, the performance 

decreases somewhat after each cycle. Degradation appears to be highly affected by time, exposure to 

oxidative OER relevant potentials as well as the cell reversal challenging the membrane by changing the 

operating modes accompanied by anion moving direction. 

 

We have introduced the concept of a modular three-component bi-functional catalyst design for use at 

oxygen electrodes of URFC systems. Unlike previous catalyst designs, the modularity enables an 

independent optimization of each functional component. We demonstrated the modular flexibility of our 

three component catalysts by optimizing two out of the three catalyst components resulting in improved 

oxygen reactivity and stability. Component innovations of the Cu--MnO2/XC72R/NiFe-LDH-Cl- and the 

Cu--MnO2/O-MWCNTs/NiFe-LDH-Cl- include the Cu-based stabilization of redox-active and ORR 

catalytically active Mn centers of a previously overlooked -MnO2 phase, the use of anion exchanged OER 

active LDH phase, as well as a corrosion stable carbon nanotube component.  The combined ORR/OER 

over-potential amounts to a previously unarchived value of 0.682 ± 0.015 V. This represents an 

improvement of 20 mV compared to the initial Cu--MnO2/XC-72R/NiFe-LDH catalyst. Further 

modifications of the ORR component are predicted in further boosting overall activity. High ionic transport 

demands on the membrane and related losses highlight the need for concomitant research on catalyst 

materials and suitable reversible ion exchange membranes. 
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