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Abstract 

Designing efficient electrode materials for electrochemical water splitting is the most critical 

challenge for next-generation hydrogen fuel production. This study describes the development of 

free-standing nitrogen-doped carbon nanofiber (N-CNF) electrodes that incorporated cobalt/cobalt 

oxide (Co/ CoOx) nanoparticles (NPs) and were decorated with palladium NPs (Pd NPs). These free-

standing electrodes displayed high electrocatalytic activity during electrochemical water splitting, 

and were fabricated in three steps: (i) solution electrospinning of polyacrylonitrile (PAN)/cobalt 

acetate nanofiber mats; (ii) PAN/cobalt acetate nanofiber mat peroxidation and stabilization in air 

atmosphere followed by pyrolysis (carbonation) in nitrogen atmosphere; and (iii) decoration of the 

electrode surface with 5 and 10 nm Pd NPs by controlled atomic layer deposition (ALD) (100 and 

200 cycles, respectively). The N-CNF-Co/CoOx-Pd electrode performance was tested in 

simultaneous hydrogen/oxygen evolution reactions (HER/OER) with an alkaline electrolyte solution 

(1 M KOH). The electrodes were as electroactive as Pt and IrO2 (reference electrodes) for overall 

electrochemical water splitting. The most efficient electrode displayed very interesting overpotential 

(100 mV and 160 mV @ j = 10 mA cm-2 for HER and OER, respectively), Tafel slope (33 and 113 

mV dec-1), and exchange current density (1.15 and 22.4 mA cm-2) values. Interestingly, electrodes 

with the smallest Pd NP size (5 nm/100 ALD cycles) showed higher electrocatalytic activity for HER 

and OER than electrodes coated with bigger particles (10 nm/200 ALD cycles) and the reference Pt 

electrode. The effect of Co/CoOx NP encapsulation in the graphitic layers of N-CNFs and coating 

with Pd NPs on the electrode electrocatalytic activity are discussed in detail.  

Keywords: Electrochemical Water Splitting, Heterostructure Electrocatalyst, Electrospinning, 

Atomic Layer Deposition, Nitrogen-doped Carbon Nanofibers, Cobalt-Cobalt Oxide Heterojunction, 

Graphitic Layer Structures  
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1. Introduction  

Hydrogen is particularly interesting as a green fuel to meet the global energy demand. It can be 

produced from water splitting without emission of any pollution. Moreover, when it recombines with 

oxygen in fuel cells, it produces electrical energy and water only as a by-product.1–3 These 

characteristics make hydrogen an attractive fuel for electricity generation applications (e.g. cars, 

trains, ships, aircraft, portable power, and houses).4 Water splitting (HOH) to generate H2 and O2 can 

be performed via an electrochemical reaction using two electrodes and an aqueous electrolyte 

solution (acidic or alkaline).5,6 For practical uses, electrochemical water splitting powered by 

photovoltage (PV) cells is also under development. Electrocatalysts accelerate electron transfer 

between electrode and reactants and also increase the speed of the intermediate chemical 

transformation during each half-reaction (i.e. hydrogen evolution reaction and oxygen evolution 

reaction, HER, and OER).7,8 Conversely, the electrocatalyst overpotential limits the efficiency of 

electrochemical water splitting. These overpotentials can be significantly reduced using 

electrocatalysts that harbor active sites for HER/OER. To date, Pt and Pt/C (for HER) and IrO2 and 

RuO2 (for OER) are considered the most powerful electrodes with the lowest overpotential.9 

However, their industrial applications are limited because they are very expensive and rare.10–12 

Indeed, electrode activity, cost, durability, and stability are of major importance. Therefore, it is 

crucial to develop efficient and cheap electrocatalysts for HER/OER to meet the increasing industrial 

demands.13  

Carbon nanofibers (CNFs) incorporating metal and metal oxide nanoparticles (NPs) are 

interesting materials for electrochemical water splitting because of their high dimensional stability, 

large specific surface, good electrical conductivity, and electrocatalytic activity, and also ability to 

minimize electrode surface fouling.14–16 CNF-based electrodes are among the most interesting 

electrode materials for water treatment,17–19 electrochemical biosensing,20–22,23,24,25 batteries,26 

supercapacitors,26,27 and drug delivery.28,29 The interpenetrating CNF network offers many active 
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sites, good electrical conductivity, mechanical stability, and electrolyte diffusion.30 It has been shown 

that many transition metals (e.g. Cu,14 Mo,31 W,32 Co,33 Ni,34, and Fe35) are efficient electrocatalysts 

for HER and OER.14,15,16 Transition metal/metal oxide NPs incorporated in CNFs also show superior 

electrocatalytic activity, stability, and selectivity in HER/OER.36,37 Other cheap and effective 

electrode materials for HER/OER include transition metal carbides,38 perovskites (ABO3 in which A 

and/or B are transition metals), and oxide spinel (AB2O4 in which A and/or B are transition metals). 

However, in HER/OER tests, they show poor performances due to their low electrical conductivity 

and corrosion.12  

Recently, atomic layer deposition (ALD) has been used as a cost-effective technique to deposit 

small amounts of expensive electrocatalyst NPs on the CNF electrode.39 The electrocatalytic activity 

of ALD-deposited catalyst NPs is strongly influenced by their amount, size, geometry, and their 

distribution within the electrode surface/porous structure.40 ALD allows controlled deposition of 

noble metal NPs with controlled morphologies and compositions (monometallic,41 bimetallic,42 and 

core–shell43), depending on the application.44 Comparing with Pt and Au NPs, ALD of the Pd NP on 

the CNF electrode surface can enhance its electrochemical activity, improve chemical stability, and 

reduce the overpotential of HER and the overall cost.45,46  As controlled ALD allows reducing the Pd 

NP size to atomic clusters or even single atoms, it could lead to a major reduction of the Pd NP mass 

on the electrode surface and enhance the electrode electrochemical activity towards HER/OER 

reaction.27,47,48 However, the impact of the deposited layer thickness, heterojunctions, and 

nanointerfaces on the CNF electrocatalytic activity has not been thoroughly investigated yet.49,50,51 

Aside from ALD of electrocatalyst catalyst NPs 

Recent progress in electrospinning technique led to the development of low-cost electrospun 

CNFs electrodes incorporating transition metals NPs with improved electrocatalytic activity towards 

HER/OER reactions close to Pt, Pt/C, IrO2, and RuO2 based electrodes.52 However, there is no 

studies have been published on the potential applications of free-standing CNF electrodes that 
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incorporate Co/CoOx NPs as electrocatalyst and are decorated with Pd NPs (by ALD) for 

simultaneous HER and OER. This study aims to study simultaneous hydrogen and oxygen evolution 

reactions using free-Standing nitrogen-doped-carbon-Co/CoOx nanofiber electrodes decorated with 

Pd NPs. The free-standing nitrogen-doped CNF (N-CNFs) and N-CNF-cobalt/cobalt oxide 

(Co/CoOx)-Pd electrodes were produced in a multistep process in which a polyacrylonitrile (PAN) 

and cobalt acetate solution were electrospun to fabricate free-standing and binder-free N-CNF mats 

with Co/CoOx NPs that were thermally stabilized under air and carbonated under nitrogen. Finally, 

the electrode surface was decorated with Pd NPs by ALD. The N-CNF-Co/CoOx-Pd heterostructure 

provided an excellent electrocatalytic activity for HER/OER in an aqueous alkaline electrolyte (1 M 

KOH) with high chemical stability. The formation of graphitic layers in the N-CNF matrix facilitated 

Co/CoOx dispersion into the N-CNF bulk and on the electrode surface. The N-CNF architecture also 

favored the electrolyte accessibility to active Co/CoOx and Pd NP sites and increased electron 

transfer between electrode and electrolyte. Furthermore, Co/CoOx embedding in the graphitic layers 

and Pd NP deposition by ALD protected the Co/CoOx NPs from oxidation and corrosion during 

HER/OER and significantly increased the electrode durability.26 By controlling the electrode 

composition and electrolysis conditions, the fabricated N-CNF-Co/CoOx-Pd electrodes displayed 

very good electrochemical activity (low overpotential values and Tafel slope during HER/OER) and 

stability relative to the reference Pt electrode.  

 

2. Experimental  

2.1. Materials  

Polyacrylonitrile (PAN, Mwt ~150000, CAS 25014-41-9, Sigma-Aldrich), cobalt (II) acetate 

tetrahydrate (Co(OCOCH3)2·4H2O, 99%, CAS No. 6147-53-1, Sigma-Aldrich), N,N-

dimethylformamide (DMF, 98%, CAS No. 68-12-2, Sigma-Aldrich) and ethanol (C2H5OH, 99%, 

CAS No. 64-17-5, Sigma-Aldrich) were used for fabricating free-standing N-CNF-Co/CoOx 
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electrodes by electrospinning. Palladium (II) hexafluoroacetylacetonate (Pd(C5HF6O2)2, CAS 64916-

48-9, 99%, Sigma-Aldrich) was used as Pd precursor and formaldehyde (HCHO, CAS No. 50-00-0, 

37%, Sigma-Aldrich) as co-reactant for ALD deposition of Pd NPs on N-CNF-Co/CoOx electrodes. 

Potassium hydroxide (KOH, CAS 1310-58-3, Sigma-Aldrich) and sulfuric acid (H2SO4, CAS No. 

7664-93-9, 97%, Sigma-Aldrich) were used as an electrolyte solution for the HER and OER tests.   

 

2.2. Fabrication of Free-Standing Nanofiber Electrodes 

Three N-CNF mats incorporating Co/CoOx NPs were produced according to the following 

three-step procedure: i) electrospinning; ii) thermal oxidation, and iii) thermal pyrolysis.53 Briefly, 

the PAN/cobalt acetate/DMF solution was prepared by dissolving an appropriate amount of cobalt 

(II) acetate tetrahydrate in 20 mL DMF, and then by adding PAN powder to the mixture that was 

continuously stirred for 15h to obtain a homogenous solution. Electrospinning was performed with 

solutions that contained 0%, 10%, or 20% cobalt acetate and loaded in 20 mL plastic syringes and 

the following parameters: tip-to-collector distance = 15 cm, operating voltage = 25 kV, flow rate = 1 

ml/min, and drum rotating speed = 400 rpm. Then, the nanofiber mats underwent thermal 

peroxidation for 2h (250 °C, air atmosphere) and pyrolysis for 1h (1000 °C, nitrogen atmosphere, 

constant heating and cooling rate of 1 °C.min-1). 

2.2. Decoration with Pd NPs (Co-catalyst) by ALD 

The N-CNF-Co/CoOx surface (electrode) was decorated with Pd NPs (co-catalyst) by 

performing 100 or 200 ALD cycles48 using a home-made ALD reactor and Pd(hfac)2 (i.e. the Pd 

precursor, heated to approximately 70 °C to achieve the appropriate vapor pressure), formalin (i.e. 

the reacting species, kept at 25 °C) and argon (Ar, i.e. the purging gas). The ALD lines were at 100 

°C and the deposition chamber at 220 °C. A typical ALD cycle included a 5 seconds pulse of 

Pd(hfac)2 with an exposure time of 15 seconds followed by Ar purge for 10s, and finally, 1 seconds 

pulse of formalin for 15 seconds and Ar purge for 60 seconds, as previously described.54,55  
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2.3. Characterization of the Prepared Electrodes   

The crystal structure and crystallite size of the fabricated electrodes were analyzed by X-ray 

diffraction (XRD) with a PANAlytical Xpert-PRO device with Ni-filtered Cu-radiation (wavelength 

of 0.154 nm) as a radiation source. Their fiber diameter and surface morphology, composition, and 

crystallinity were measured by scanning electron microscopy (SEM, Hitachi S4800 microscope, 

Japan Zeiss EVO HD15 microscope) and high-resolution transmission electron microscopy (HR-

TEM, JEOL ARM 200F, Japan) with an energy dispersive X-ray (EDX) analyzer. Raman spectra 

were recorded with a SENTERRA Raman microscope spectrometer (Bruker, Germany) with the 

double-frequency Nd:YAG and 532 nm lasers. X-ray photoelectron spectroscopy (XPS) was 

performed using a Kratos Axis Ultra spectroscope (Kratos Analytical, UK) and a monochromatic Al 

Kα source (1486.6 eV). Co elemental concentration in the as-prepared N-CNFs was determined by 

atomic absorption spectroscopy (ASS, AAnalyst 400, PerkinElmer). The mean pore diameter, 

volume, and surface area were assessed from the N2 adsorption-desorption isotherms using the BET 

method (Brunauer Emmett and Teller, Micromeritics ASAP 2010 equipment). 

2.4. Electrochemical Tests 

For HER and OER, a CHI 660E workstation was used with: (i) free-standing N-CNF,  N-

CNF-Co/CoOx, and N-CNF-Co/CoOx-Pd electrodes as working electrodes (obtained by cutting the 

prepared electrodes into circles with diameter =1 cm and thickness = 0.25 mm); (ii) a silver/silver 

chloride electrode as  reference electrode (Potentials were referenced to a reversible hydrogen 

electrode (RHE) following the equation: ERHE = EAg/AgCl + 0.059  pH + 0.197); and (iii) a graphitic 

electrode as counter electrode. For all tests, 1 M KOH was used as the electrolyte solution. In HER 

and OER tests, the fabricated electrodes were tested alongside commercial Pt and IrO2 electrodes 

(working electrodes), respectively. All spectra were acquired after 10 cycles at a 100 mV s-1 scan rate 

to trigger and stabilize the prepared electrodes. Cycle sweep voltammetry (CSV) and linear sweep 

voltammetry (LSV) data were collected at a 5 mV s-1 scan rate for all tests. Electrochemical 
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impedance spectrometry (EIS) was performed from 10-1 to105 Hz at -0.3 V vs RHE and at 1.6 V vs 

RHE, for the HER and OER tests, respectively. To assess the electrocatalytic stability during HER, 

the chronoamperometric response (i-t curves) was recorded in 1 M KOH solution and -0.3 V vs. 

RHE for 12h. Hydrogen evolution was monitored by gas chromatography (Clarus-400, PerkinElmer, 

TCD (2m x1mm), He carrier) of gas samples collected with a syringe every 30 min at 100 mV. 

Faradaic efficiency (FE) was calculated using the following equation: FE (%) = [ 2F * mol H2 (GC) 

* 100] / [Q], where F is the Faraday constant, Q is the gas volume % based on the charge passed, and 

GC  is the gas volume %.56 

 

3. Results and Discussion  

Through HER and OER, water electrolysis leads to the production of hydrogen fuel and 

oxygen gas, respectively. Among the different types of electrode materials, N-CNFs represent an 

excellent scaffold to support electrocatalytic metal NPs. In this study, free-standing N-CNF 

electrodes incorporating Co/CoOx NPs and coated with Pd NPs were developed and tested. Due to its 

high mechanical strength, excellent electrical conductivity, and elevated carbon yield (>65% wt/wt), 

PAN is the most promising polymer for N-CNF electrode production. Nitrogen doping of CNFs and 

incorporation of Co/CoOx NPs were performed by electrospinning a cobalt acetate-PAN solution, 

followed by ALD of PD NPs (Scheme 1).  

During the peroxidation step, PAN or PAN-cobalt acetate nanofibers undergoes different 

chemical process such as oxidation, cyclization, crosslinking, aromatization and dehydrogenation 

that make the polymer (PAN or cobalt acetate/PAN) fibers denser and more thermally stable during 

the subsequent thermal carbonation step. This step prevents the fusion of individual fibers before 

furthering the carbonization step, by inducing additional oxygen into the PAN structure. In the 

subsequent step (thermal carbonation), nanofibers (PAN or cobalt acetate/PAN) begin to pyrolysis 

with a considerable release of volatile by-products. The characteristics of the CNFs are typically 
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influenced by the thermal treatment parameters, especially the nature of gas, heating rate, the final 

temperature, and the time of the isothermal treatment.57 T. Wanjun and C. Donghua58 studied the 

mechanism of thermal decomposition of cobalt acetate tetrahydrate in N2 and H2 atmosphere. The 

authors reported that the residual compositions in the above processes were similar regardless of the 

atmosphere used. The dehydration process was followed by a major step concerning the 

decomposition of the acetate group, leading to basic acetate as an intermediate, which then produced 

CoO and Co in N2 and H2 atmosphere, respectively. These findings are in agreement with our results 

that indicate the in-situ formation of the CoOx/Co NPs inside the CNFs during the thermal 

carbonation under nitrogen atmosphere.58 

 

 

Scheme 1. Four main steps of the production of Free-Standing Nitrogen-Doped-Carbon-Co/CoOx 

Nanofiber Electrodes Decorated with Palladium Nanoparticles 
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By encapsulating Co/CoOx NPs into graphitic layers of N-CNFs, Co/CoOx NP agglomeration 

and migration can be efficiently reduced. This also limits the corrosion and oxidation of the 

fabricated electrodes caused by the electrolyte. Therefore, N-CNFs are often chosen as the main 

component to enhance electrochemical stability, active site density, and electron/electrolyte transfer 

on the electrode surface. Moreover, the nitrogen atoms (oxidized N, pyrrolic, pyridinic, graphitic)59 

used for doping can interact with three C atoms at different locations on the graphene layer, strongly 

improving the electrode conductivity and electrochemical properties. As water electrolysis is 

generally performed in the presence of alkaline electrolyte solutions, rather than acidic electrolyte 

solutions, the developed electrode materials should show satisfactory performance in basic media. In 

the basic electrolyte solution (1 M KOH) used in this study, the Co atoms on the Co/CoOx NP 

surface can be transformed into Co(OH)2, which is an active-active phase for OER. Conversely, in 

the presence of an acidic electrolyte solution (0.5 M H2SO4), Co/CoOx NPs tend to be corroded and 

passivated during HER and OER. 

 

 

 

3.1. Analysis of the Composite Nanofiber Electrode Composition and Morphology  

Morphology and elemental composition of the prepared N-CNF and N-CNF-Co/CoOx 

electrodes were investigated by field-emission SEM and HR-TEM. SEM analysis (Figure 1) showed 

that the cobalt acetate to PAN weight ratio significantly influenced the size and morphology of the 

N-CNF, in particular, the number of incorporated Co/CoOx NPs and their sizes and size distribution. 

Indeed, the electrodes formed a 3D porous structure with randomly oriented CNF with diameters of 

300±44 nm for N-CNF (Figure 1a), 220±33 nm for N-C-Co10 (Figure 1b), and ~200±29 nm for N-

C-Co20 (Figure 1c). Diameter of the nanofibers depends mainly on solution properties. The addition 
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of cobalt acetate changes the solution properties i.e., it increases the solution's electrical conductivity. 

The increase in solution electrical conductivity improve the polymer solution spinnability and as a 

result affects the jet formation and decreases fiber diameter.60 As the cobalt acetate to PAN weight 

ratio increased from N-C-Co10 to N-C-Co20, larger numbers of rhombohedral Co/CoOx NPs were 

formed inside the N-CNFs and they covered also the N-CNFs surface (Figure 1b,c). The particle size 

of Co/CoOx NP located at the N-CNF surface slightly increased from 20-50 nm to 30-80 nm with the 

increase of the cobalt acetate percentage from N-C-Co10 to N-C-Co20, respectively (Figure 1b,c). 

The elemental composition analysis (representative SEM-EDX results in Figure 1d) confirmed that: 

(i) the elements C, Co, N, and O were homogeneously distributed, (ii) the thermal pyrolysis of 

thermally treated PAN/cobalt acetate nanofibers under nitrogen atmosphere allows for nitrogen-

doping of CNFs which might contribute to the electrode's excellent electrochemical activity. The 

ASS analysis indicated that Co total content was approximately 14wt% for N-C-Co10 and 25wt% for 

N-C-Co20 (Table S1, Supplementary Materials).  

 

Figure 1.  Field-emission SEM photographs of the fabricated free-standing electrodes: (a) N-CNF; 

(b) N-C-Co10; (b) N-C-Co20; and (d) SEM EDX-based elemental mapping of N-C-Co20.  

 

HR-TEM analysis (Figure 2) showed that Co and Pd NPs were firmly attached to the N-CNF 

surface (Fig. 2d). Unlike SEM, the TEM has a much higher resolution but allows less amount of 

https://www.nature.com/articles/s41598-018-19787-z#Fig2
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sample to be analyzed at a time. TEM images in Figure 2a-b show that the N-C-Co20-Pd100 surface 

was covered by 40±10 nm Co/CoOx NPs and 7±2 Pd NPs. Higher magnification TEM images 

(Figure 2e) indicated that Co/CoOx NPs were coated by a graphitic layer and that Pd NPs were 

deposited conformably on the graphitic layers. TEM-EDX (Figure 2d) with elemental mapping 

confirmed C, Co, and Pd homogeneous distribution at the N-C-Co20-Pd100 surface. Moreover, the 

lattice spacing of 0.35 nm (inset in Figure 2e) corresponded to the 002 crystal planes of the graphitic 

layers, in agreement with the XRD results. The TEM and SEM results indicated that the electrodes 

were made of interpenetrated crystalline graphitic layers coated by Co NPs grown in situ on the 

entire framework. Furthermore, the N-CNF architecture inhibited the restacking of graphitic 

nanosheets. The electrocatalytic activity should progressively increase with Co/CoOx NP and Pd NP 

higher dispersion and smaller size and with the presence of graphene layer structures. Similar studies 

reported that higher catalytic activity is obtained with Pd NPs of a specific size (e.g. 10 nm, Figure 

2c,d).61 Interestingly, in our work, the Pd-graphene-Co/CoOx nanostructure was observed by HR-

TEM (Figure 2d) and confirmed by XPS and Raman spectroscopy (Figure 3b), but was not reported 

in previous similar studies.62,63,64 

https://www.nature.com/articles/s41598-018-19787-z#Fig2
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Figure 2.  TEM analysis of a free-standing N-C-Co20-Pd100 electrode: (a) Low magnification TEM 

photograph; (b) high magnification of the nanofiber surface; (c) TEM image of single ALD Pd NPs 

on the CNF surface; (d) TEM-EDX-based elemental mapping; and (e) High magnification TEM 

images of Co/CoOx NPs coated with graphitic layers, inset the lattice spacing of the graphitic layers.   

 

XRD analysis was applied for the prepared electrodes (N-CNF, N-C-Co10, and N-C-Co20) to 

study the effect of cobalt acetate incorporation into the N-CNF crystallinity and crystal structure 

(Figure 3a,b). XRD analysis showed that the peak at 2θ = 25° was associated with the hexagonal 

graphite (002) lattice planes (JCPDS card no. 41-1487), with an inner-layer spacing d = 0.336 nm. 

This suggests that the pristine N-CNF sample has a low degree of graphitization.65 Conversely, the 

higher and stronger intensity of the (002) peak intensity in the N-C-Co20 and N-C-Co10 electrodes 

suggests a higher degree of crystallinity of the carbon matrix and Co/CoOx NPs in these two 
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samples. Moreover, the higher intensity for the graphitic peak at 2θ = 25° indicated that higher 

percentage of Co/CoOx NPs accelerate the formation of graphitic carbon. The N-C-Co10 and N-C-

Co20 electrodes showed also two sharp peaks at around 44.3° and 54° that were ascribed to the (111) 

and (200) planes of the fcc crystal structures of metallic Co (JCPDS 15-0806), respectively. The 

average crystallite sizes of Co/CoOx NPs, calculated with the Scherrer equation,66,67,68 were 32.0±0.4 

(N-C-Co10) and 35.1±0.3 (N-C-Co20) (Table S1, Supplementary Materials). When we compare the 

average crystallite size of N-C-Co10 to the average particle size, the average crystallite sizes of these 

samples are similar or slightly smaller than the average particle size estimated by SEM and TEM while the 

difference is bigger for N-C-Co20. This indicates that N-C-Co20 contain higher percentage of 

polycrystalline Co/CoOx NPs, while crystals formed in N-C-Co10 is mainly single crystals; these findings 

where discussed elsewhere.69 The production of reducing by-products during thermal carbonization under 

N2 atmosphere could explain the presence of metallic Co nanocrystals instead of CoOx nanocrystals.70 

Therefore, the pre-oxidation step of PNA-cobalt acetate followed by calcination under nitrogen 

atmosphere is main reason for the formation of CoOx together with Co. Oxygen content (about 2% 

according to the SEM-EDX and TEM-EDX analyses with elemental mapping) could be due to 

minimal N-CNF oxidation or to the generation of amorphous CoOx impurities during thermal 

peroxidation after electrospinning. XRD diffraction could not detect other phases (i.e. cobalt oxides, 

and cobalt carbides) for N-C-Co10 and N-C-Co20 possibly due to their small crystallite size, low 

content, and/or amorphous nature.70 However, the two collapsed diffraction peaks observed at 2θ of 

44° (Figure 3b) could be explained by the presence of CoOx, at very low concentration, in the 

catalyst, as confirmed by XPS and Raman spectrometry. Slight shift in the peak positions could 

attributed to macrostrain present in the unit cell of the obtained crystals with increasing the cobalt 

acetate concertation from for N-C-Co10 to N-C-Co20. Previous studies showed that metallic Co0 and 

CoOx can synergistically increase the catalytic performance.71  
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Raman analysis was applied for the prepared electrodes (N-CNF, N-C-Co10, and N-C-Co20) 

to study the effect of cobalt acetate incorporation into the N-CNF graphitic architecture (Figure 3c). 

Generally, N-CNF show two main peaks: the broad D band (1300 cm− 1; amorphous carbon) and the 

G band (1600 cm− 1
; ordered graphitic structure).72 The relative intensities (R) of these two bands 

(ID/IG) are positively influenced by the number of amorphous carbon (disordered sp2) and graphitic 

layers (ordered sp2 bonding carbon atoms).65  The D (∼1320 cm−1) and G (~1590 cm−1) bands were 

detected in all analyzed electrode samples (Figure 3c). The ID/IG value was 1.13 for pristine N-CNF, 

but it gradually decreased with the cobalt acetate content: 0.92 for N-C-Co10 and 1.01 for N-C-

Co20.73 With higher Co/CoOx NP content, the carbonaceous structures should more easily form 

graphitic structures. Raman spectrometry was used also to investigate the CoOx structures. The N-C-

Co10 and N-C-Co20 spectra showed four typical Co3O4 peaks between 474 and 677 cm−1 (Figure 3c) 

that matched the reported CoOx spectrum.74 The five Raman peaks for Co3O4 at 192, 474, 513, and 

667 cm-1 are associated with T2g, Eg, and A1g symmetries. The presence of Co3O4 could be 

explained by Co NP surface oxidation by oxygen during peroxidation in air atmosphere after 

electrospinning.75 

 

https://www.sciencedirect.com/topics/materials-science/amorphous-carbon
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Figure 3. XRD analysis and Raman spectrometry of the indicated free-standing electrodes: (a) XRD 

patterns, (b) XRD pattern of the (111) plan of Co, and (c) Raman spectra. 

 

XPS can be used to analyze the surface chemistry of the free-standing electrodes before and 

after ALD on Pd NPs on the electrode surface (Figure 4a). XPS survey spectra (Figure 4a) indicated 

that N-C-Co20 and N-C-Co20-Pd100 exhibited peaks related to C(1s), O(1s), N(1s), Co(2p), Pd(3d) 

core levels. When quantified these five peaks, the N-C-Co20 are consisted of 95.1 % C, 2.7% O, 

1.4% N, 0.8 % Co, and 0.0% for Pd while the N-C-Co20-Pd100 exhibit 87.7 % C, 2.0% O, 1.0% N, 

0.9 % Co, and 8.4% (Table S2, Supplementary Materials). The C1s peak (Figure 4b) comprised four 

different peaks that might be attributed to sp2 carbon (C=C) and three low-intensity components (C-

C/C-H, 284.9 eV), (C-O, 285.8 eV), (C=O, 287.0 eV). 76 The O1s peak (Figure 4c) could not be 

decomposed due to charge effects and/or partial overlapping of the O 1s and Pd 3p3/2 peaks. The 

high-resolution XPS spectra of N 1s (Figure 4d) point out the existence of N-doping of different 

nitrogen species pyridinic, nitrile, and quaternary nitrogen, which has a significant effect on 

HER/OER reactions. The CoOx (oxidation state) could not be easily quantified because of the low 
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signal-to-noise ratio. However, we can confirm that the cobalt oxide and a cobalt metal state co-

existed.74 The maximum intensity of the two peaks, observed at 778eV and 780eV, suggested the 

contribution of metal Co (0) and Co oxide (III) to the spectra (Figure 4e). 70 The high-resolution XPS 

spectra of Pd 3d (Figure 4f) further confirm Pd NP deposition on the N-CNF and Co/CoOx NP 

surfaces. Analysis of the Pd 3d spectra showed a strong increase in the intensity of the Pd 3d5/2 peak 

of N-C-Co20-Pd100 that included metal Pd (0) at 335.2 eV and oxide Pd (+II) at 336.3eV (Table S3, 

Supplementary Materials).  
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Figure 4. XPS analysis of N-C-Co-Pd electrode samples: (a) representative XPS survey scan; (b) C 

1s; (c) O 1s; (d) N 1s; (e) Co 2P; and (f) Pd 3d spectra.   

 

 Measurement of the N2 adsorption/desorption isotherms, surface areas (BET method), and 

pore size of the different electrodes (Table S4, Supplementary Materials) showed that Co/CoOx NP 

in situ synthesis inside the N-CNF significantly increased the surface area by 35-fold. This effect 

might be explained by the formation of degradation products during the thermal steps after 

electrospinning that promote pore formation. The N-C-Co20 specific surface area was considerably 

higher than that of N-CNF and N-C-Co10 (239.7 cm2/g versus 6.7 cm2/g, and 114.1 cm2/g, with pore 

diameters of 5.6 nm versus 13.8 nm, and 3.8 nm, respectively) (Table S4, Supplementary Materials). 

A higher specific surface area might enhance electrolyte diffusion into the electrode, and 

consequently also the electrochemical activity. However, the ALD of Pd NPs on the N-CNF-

Co/CoOx surface slightly reduced the electrode surface area to 150.4 cm2/g for N-C-Co20-Pd100 

(pore diameter of 8.1 nm) and to 113.2 cm2/g for N-C-Co20-Pd100 (pore diameter of 4.4 nm). The 

surface area and pore diameter reduction confirmed that ALD efficiently decorated the N-C-

Co/CoOx surface and tiny pores between the fibers. The effect of using 100 or 200 ALD cycles on 

the surface area and the electrode activity during HER/OER will be investigated in the next section. 
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3.2. Hydrogen Evolution Reactions 

The HER polarization LSV curves of the prepared electrodes were illustrated in Figure 5a. 

HER performance of N-C-Co20-Pd100 has displayed the best electrochemical activity, with a very 

low overpotential (100 mV) at a current density of 10 mA cm−2, compared with other prepared 

electrodes of N-CNF (498 mV), N-C-Pd (296 mV), N-C-Co10-Pd200 (167 mV), N-C-Co20-Pd200 

(155 mV), and N-C-Co10-Pd100 (148 mV).  

Tafel plots were employed in Figure 5b to reveal the HER performance from the kinetic 

viewpoint. Tafel slopes (determined with the following equation: η=b log j+a, where j represents the 

current density, η the overpotential, and b the Tafel slope)51 were used to thoroughly investigate the 

electrocatalytic activity and HER kinetics of the prepared electrodes as listed in (Table S5, 

Supplementary Materials). 

Tafel slope of N-C-Co20-Pd100 is as low as 33 mV dec-1; compared with 73 mV dec-1 for N-

C-Pd100, , 63 mV dec-1 for N-C-Co10-Pd200, 55 mV dec-1 for N-C-Co20-Pd200) and 39 mV dec-1 

for N-C-Co10-Pd100 similar to the reference catalyst (Pt: 36 mV dec-1).77 As demonstrated in 

previous studies, a lower Tafel slope is more HER catalysis advantageous since current density can 

undergo a sharper raise with a low η, thus benefiting HER process (ref). The low b of N-C-Co20-

Pd100 may arise from a facile reaction mechanism following Volmer- Tafel reactions, which can be 

attributed to the lower energy barrier from the thermodynamic respect. Whereby, the multi-step HER 

reaction comprises an electrochemical Volmer reaction (H3O
+ + e- →Hads +H2O, 120 mV dec-1), 

followed by a chemical Tafel reaction (H3O
+ + e- →Hads +H2O, 120 mV dec-1) or an electrochemical 

Heyrovsky reaction (Hads + H3O
+ + e- → H2↑ +H2O, 40 mV dec-1).     

The exchange current density (J0) was extrapolated from the Tafel plots (Figure 5b) to 

investigate the intrinsic HER activity of N-C-Co20-Pd100. The highest J0 value was obtained with 

N-C-Co20-Pd100 (~1.8 mA cm-2, versus 1.13 mA cm-2 for C-Pd, 1.5 mA cm-2 for N-C-Co10-Pd100, 

and 1.43 mA cm-2 for N-C-Co20-Pd200) (Table S5, Supplementary Materials). Which may result in 
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the high active site density and the excellent electron transport capacity of N-C-Co10-Pd100. To 

confirm this, the charge transfers resistance (Rct) values were extrapolated from EIS measurements 

(Table S5 and Figure 5c in Nyquist plots). The N-C-Co20-Pd100 electrode displayed a smaller Rct 

value (1.2 Ohm) compared with N-C-Pd100 (7.2 Ohm), N-C-Co10-Pd100 (2.5 Ohm), N-C-Co10-

Pd200 (4 Ohm), and N-C-Co20-Pd200 (2.4 Ohm), in agreement with its HER activity results and 

lower overpotential, due to the higher conductivity and electrical exchange of N-CNF, Co/CoOx, and 

Pd NPs. These results indicate that: (i) HER proceeds via a Volmer-Heyrovsky mechanism when 

using N-CNF electrodes; (ii) increasing the Co/CoOx content from N-C-Co10 to N-C-Co20 enhances 

the electrode activity for HER; (iii) increasing the amount of Pd NPs deposited on the electrode 

surface (from 100 to 200 ALD cycles) negatively affected the electrode activity.78 

Recent findings indicated that three major parameters are identified control the hydrogen 

generation activity (HER) in an aqueous system the availability of active sites for the reaction so-

called electrochemical active surface area (ECSA).79 The large surface area and network structure of 

free-standing electrodes increase effectively the contact area of active surfaces to the electrolyte. In 

this work, estimation of the ECSA was performed by computing the electrochemical double-layer 

capacitance (Cdl) from CSV plots. The results showed larger ECSA values for N-C-Co20-Pd100 

(1750 cm2) than for N-C-Pd100 (375 cm2), N-C-Co10-Pd100 (750 cm2), N-C-Co10-Pd200 (775 

cm2), and N-C-Co20-Pd200 (600 cm2) (Figure 5d and Table  S5). The higher capacitance and ECSA 

values of the N-C-Co20-Pd100 electrode indicate that it improved HER performance could be 

explained by its specific porous structure and larger active site surface.   

In order to study the electrochemical activity for hydrogen production in presence of the 

elaborated N-CNF-Co/CoOx nanofiber electrodes. The hydrogen generation using N-C-Co20-Pd100 

as a working electrode was monitored for 2 hours (Figure 5e). Measurements of the hydrogen 

evolution rate and Faraday efficiency have been used to describe the efficiency with which charge 

(electrons) is transferred between the electrolyte and the electrodes facilitating an HER reaction80,81. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7079610/figure/materials-13-00856-f002/
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The current-time curves obtained from chronoamperometry tests for FE measurements of N-C-Co20-

Pd100 electrode were illustrated in Fig(S1). The best electrode (N-C-Co20-Pd100) exhibited a high 

hydrogen evolution rate (250 μmol/h) and excellent faradaic efficiency (~95%) over 2 hr. This high 

electrochemical performance can be explained by the higher current density (as indicated by LSV 

measurements) and low Rct value, respectively. The overpotential value was not changed during the 

40h chronoamperometry test at 100 mV (Figure 6d). Furthermore, the XRD analysis after the test 

(Figure 5f) highlighted a slight decrease in the (002) peak intensity for graphitic structure as well as 

the peaks ascribed to the (111) and (200) planes of the Co/CoOx NPs. However, no major intensity 

changes for the typical peaks of Co/CoOx crystals. This demonstrated the superior durability and 

chemical stability of the prepared free-standing N-CNF-Co/CoOx-Pd electrodes. 

Literature survey has shown that the N-C-Co20-Pd100 overpotential value was also lower 

than that of previously reported CNF-based electrodes (Table 5,6) and similar to that of the 

commercial Pt (100 mV @10 mA cm−2) and Pt/C catalysts (36 mV dec-1)77. The effect of Pd particle 

size on the catalyst activity during HER has not been much studied. As Pd NPs with a diameter >10 

nm behave like bulk Pd, size affects only below this diameter, particularly in the range of 2-5 

nm.82,83 This can be explained by a geometric effect, and by the induction of structural changes 

through an epitaxial strain of Pd NPs. Moreover, as Pd NPs display facets with different 

crystallographic orientations, the catalytic activity might be influenced by size-mediated differences 

in their relative abundance.84 Here, the decreased density and size of Pd NPs (from 200 ALD 

cycles/10 nm to 100 ALD cycles 5 nm) could explain N-C-Co20-Pd100 better electrochemical 

performance during HER because the electrode electrochemical activity is reduced by Pd NP high 

surface coverage. Moreover, Pd NP aggregation or Ostwald‐ripening during the HER test should be 

less frequent during 100 ADL cycles due to the lower Pd NP density (i.e. higher distance between Pd 

NPs).82  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7079610/#app1-materials-13-00856
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Figure 5. Comparison of the performance of the commercial Pt electrode and the free-standing N-C-

Co/CoOx-Pd electrodes during HER in the presence of 1 M KOH, as electrolyte: (a) Linear sweep 

voltammetry at 5 mV s-1; (b) Tafel plots of the prepared electrodes; (c) EIS measurements (at a -0.3 

V potential vs RHE); (d) electrochemical double-layer capacitance (Cdl) represented as linear fit of 
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the capacitive currents of the catalysts vs. potential scanning rates from 20 mV s1 to 120 mV s1, (e) 

hydrogen evolution rate and Faradic Efficiency of the electrodes; (f) XRD patterns of the best 

electrode (N-C-Co20-Pd100) after the chronoamperometric response (j-t) test.  

 

3.3. Oxygen Evolution Reaction 

OER is an important process for energy conversion and storage, particularly during water 

electrolysis. As O⁎, HO⁎, and HOO⁎ are the main OER intermediates, the M-O bonding interaction 

during OER plays a major role in their stabilization at the surface, and can significantly influence the 

overall water splitting efficiency.85 Like for HER, a volcano-type relationship can be observed for 

OER using (∆GO* - ∆GHO*) as a descriptor. Many studies focused on Co3O4 nanostructures as OER 

catalysts due to their good activity and stability86, abundance, low cost, and environmental 

friendliness. The many active sites present on Co3O4 (111) explain the higher electrocatalytic activity 

of ultrathin Co3O4 nanosheets during water and ethanol oxidation in alkaline solutions.86  

The N-C-Co20-Pd100 electrode exhibited outstanding OER activity with an overpotential of 

approximately 160 mV at 10 mA cm−2 compared with N-CNF (537 mV), N-C-Pd (380 mV), N-C-

Co10-Pd100 (270 mV), N-C-Co10-Pd200 (366 mV), and N-C-Co20-Pd200 (290 mV) (Figure 6a). 

As observed for HER, increasing the amount of Pd NPs deposited on the electrode surface (from 100 

to 200 ALD cycles) negatively affected the electrode electrochemical activity. N-C-Co20-Pd100 

performance was similar to that of the commercial IrO2 electrode (210 mV @10 mA cm−2).  

Moreover, N-C-Co20-Pd100 displayed the smallest Tafel slope value (113 mV dec-1 compared with 

412 mV dec-1 for N-C-Pd100, 158 mV dec-1 for N-C-Co10-Pd100, 399 mV dec-1 for N-C-Co10-

Pd200, and 316 mV dec-1 for N-C-Co20-Pd200) that was similar to that of IrO2 (156 mV dec-1) 

(Figure 6b).  
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Figure 6. Comparison of the electrocatalytic activity during OER carried out with the commercial 

IrO2 electrode and the free-standing N-C-Co-Pd electrodes in the presence of 1 M KOH as the 

electrolyte. (a) LSV of the different samples. (b) Tafel plots of the prepared electrodes; (c) EIS 

measurements at 1.6 V vs RHE. Nyquist plots without Warburg impedance; (d) Current density in 

the function of the reaction time for HER and OER. (e) equivalent circuit applied for evaluation of 

both (HER and OER) EIS measurements. 
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N-C-Co20-Pd100 displayed a J0  (1.22 mA cm-2) considerably more elevated than N-C-Pd 

(0.53  mA cm-2), N-C-Co10-Pd100 (0.62 mA cm-2), and N-C-Co20-Pd200 (0.55 mA cm-2) (Table 

S5, Supplementary Materials). This high J0 value reflects the electrode's higher surface-active area. 

Moreover, the smaller Rct value (EIS measurements) of N-C-Co20-Pd100 (12.5 Ω, compared with 

55 Ω for N-C-Pd100, 24 Ω for N-C-Co10-Pd100, 39 Ω for N-C-Co10-Pd200, and 21 Ω for N-C-

Co20-Pd200) was in agreement with its higher ECSA (1750 cm2) (Figure 6c). The chemical stability 

test has been performed to finally conclude that the N-C-Co20-Pd100 is a promising electrode for 

HER reaction. The long-term durability of the best electrode (N-C-Co20-Pd100) was assessed by 

recording its overpotential at −10 mA/cm2 without iR compensation (Figure 6d). Altogether, these 

results indicated that the best electrode (N-C-Co20-Pd100) displays excellent activity during HER 

and OER (lowest overpotential at 10 mA cm-2 and smallest Tafel slope) compared with previously 

reported electrocatalysts (Table S6, Supplementary Materials).87,88,77,30,89
 However, the Pd NP 

amount used in our experiments was much smaller than what was previously described. Other 

similar work, Guo et. al.90 developed strategic atomic layer deposition and electrospinning 

techniques of cobalt sulfide/nitride composite as efficient bifunctional electrocatalysts for overall 

water Splitting. The prepared electrodes exhibited overpotentials of 20 mV for HER and 180 mV for 

OER at a current density of 10 mA cm−2 in basic medium. However, the lowest Tafel slope of 

54.4 mV dec−1 was observed in 0.5 M H2SO4 electrolyte.  

The equivalent circuit applied for the evaluation of both (HER and OER) EIS measurements 

is illustrated in Figure 6e. A classic expression of this circuit in a Nyquist plot was an incomplete 

semicircle with a line, which straightens out with decreasing frequency.91 Such a model under right 

selected circuit element values to fit well with gathered measurement data as seen in Figures 6c and 

5c. The simplified Randles cell consists of a solution resistance, double layer capacitance and a 

charge transfer or a polarization resistance. The double layer capacitance (Cdl) is in parallel with the 
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charge transfer resistance (RCT) and this parallel combination is in series with the ohmic resistance 

(RΩ) as shown in the Figure 6e. 

The OER and HER activity of the prepared electrodes are in the following order N-CNF < N-

C-Co10 < N-C-Co20 < N-C-Pd100 < N-C-Co10-Pd200 < N-C-Co20-Pd200 < N-C-Co10-Pd100 < 

N-C-Co20-Pd100. Where, N-C-Co20-Pd100 manifested excellent electrocatalytic activity in water 

splitting due to: (i) the optimal Co/CoOx NP loading on CNFs; (ii) Co/CoOx NP formation within and 

on the CNF surface; (iii)  N-CNF and Co/CoOx NP surface decoration with ~5 Pd NPs that modify 

the electronic structures of N-C-Co/CoOx electrodes, increase their conductivity, accelerate charge 

transfer, and enhances their electrochemical activity61 and stability, resistance to corrosion and 

possibly chemical stability; (iv) the limited N-C-Co/CoOx surface and structural decomposition 

because the Co/CoOx NP surface is protected by an inert graphitic carbon layer and Pd NPs; (v) the 

N-CNF architecture that favor gas and electrolyte diffusion during HER/OER; (vi) heterostructures 

made of various active materials with different HBE (i.e. N-C-Co/CoOx-Pd) that lead to a better HER 

activity compared with N-CNF-Co/CoOx and N-CNF-Pd nanofibers, possibly due to the presence of 

accessible active sites or to the improved interface electronic configuration.92,93,94 The N-C-

Co/CoOx-Pd electrode heterostructure allows the efficient catalysis of H+ reduction and Hads 

desorption in HER, improving HER kinetics and activity.95 

Conclusion  

In this study, solution electrospinning, thermal treatment, and ALD were combined to 

fabricate N-doped CNF-Co/CoOx-Pd electrodes with high electrocatalytic activity towards 

HER/OER. The incorporation of Co/CoOx and Pd NPs in CNFs results in excellent electrocatalytic 

activity and very good chemical stability in alkaline electrolyte solutions. Our results show that 

combining CNF graphitic nanostructures with Co/CoOx and Pd NPs offers great potential for 

improving catalyst performance in HER/OER and their chemical stability at a lower cost than with 

already commercially available catalysts (Pt and IrO2). The best electrode contained up to 25% of 
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Co, CoOx in traces, and few Pd NPs (100 ALD cycles), and displayed excellent electrocatalyst 

activity in HER and OER tests. This could be explained by the synergistic interaction between N-

CNFs, Co/CoOx, and Pd NPs at the nanoscale interfaces. Moreover, the N-CNF architecture might 

underlie the fast gas desorption kinetics. The superior HER activity is explained by the N-CNF 

electrode architecture with more Co/CoOx edge sites and fewer Pd NPs that can improve 

electrocatalytic activity and accelerate electron transfer between graphitic layers, Co/CoOx, and Pd 

NPs, ultimately increasing the electrode conductivity and consequently its efficacy during HER.  

This approach could be adapted for incorporating in CNFs other transition metals and metal alloys 

(as alternatives to Pt and IrO2) for HER and OER industrial applications using water. The described 

N-CNF-Co/CoOx-Pd NPs can be used as a benchmark for developing HER/OER electrodes for 

electrolysis, metal-air batteries, and wastewater treatment. ALD of a few Pd NPs with very small 

diameters could also be exploited for water electrolysis and wastewater electrochemical oxidation.  
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