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Abstract 
Zirconia is a promising candidate for many applications, especially when stabilized with metal oxide nanoparticles such as 
yttria and ceria. Zirconium oxide-based materials supported on carbon nanomaterials have shown excellent performance 
electrocatalysts due to their outstanding catalytic activities and high stability. In this work, a one-pot hydrothermal method 
was used to prepare porous stabilized zirconia nanoparticles with yttria and ceria (YSZ and CSZ) anchored on carbon 
nanosheets derived from molasses fiber waste as a sustainable source and annealing at various temperatures (MCNSs). The 
prepared composites YSZ/MCNSs and CSZ/MCNSs exhibit superior oxygen evolution reaction performance in alkaline 
medium. Various physicochemical analysis techniques such as SEM, EDX, HR-TEM, BET, XRD and XPS are employed 
to characterize the designed catalysts. The results showed that the doping of molasses fibers exfoliated into 2D nanosheets 
controlled the growth of the YSZ particles into the nanosize and increased their crystallinity. This improves the electrochemi-
cal surface area and stability, and modulates the electronic structure of zirconium, yttrium and cerium which facilitate the 
adsorption of OH− ions, and all contribute to the higher catalytic activity.
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1  Introduction

Recently, tremendous efforts have been made for the prep-
aration of efficient catalysts for energy storage and conver-
sion devices. The production of hydrogen gas is consid-
ered to be a green and sustainable source of energy. An 
important supplement of hydrogen energy is the electro-
chemical water splitting, with two half reactions involved, 
namely, hydrogen evolution reaction (HER) which occurs 
at the cathode and oxygen evolution reaction (OER) which 
occurs at the anode. Owing to the stepwise four-electron/
proton transfer on the anodic side, the efficiency of the 
water splitting mainly depends on the rate of water oxi-
dation, as the OER kinetics are more sluggish than the 
kinetics of HER [1, 2].

Furthermore, OER plays an important role in many 
electrochemical energy conversion systems, such as water 
splitting, fuel cells and metal-air batteries [3, 4]. There-
fore, developing novel and efficient electrocatalysts is 
required to overcome the limited overall water electroly-
sis process. Until now, noble metal-based catalysts such 
as IrO2 and RuO2 are identified among the best catalysts 
for OER. However, their scarcity and high cost limit their 
large-scale application. Tremendous research has been 
made in recent years to develop non-precious cheap cata-
lysts, with an increasing trend that focuses on using eco-
friendly production methods [5, 6].

Transition metal oxides-based catalysts such as zirco-
nia-based catalysts have been recently reported as attrac-
tive candidates to replace the noble metal-based catalysts 
for OER with better electrocatalytic activity. By tuning 
the composition, stabilizers, morphology, electronic and 
crystalline structures, their electrocatalytic performance 
can be enhanced.

Yttria stabilized zirconia (YSZ) has been most widely 
used in fuel cells, catalytic applications and various indus-
trial applications. It’s well-known that zirconia exhibits the 
monoclinic phase at room temperature, hence doping with 
low valence metals like Y3+ is supposed to stabilize the 
tetragonal phase in the nanocrystalline form. The tetrago-
nal phase is considered to be rich in oxygen vacancies 
which is essential for the electrocatalysis [7].

Ceria or so-called Cerium oxide has attracted much 
attention worldwide due to its simple structure, abun-
dance and excellent catalytic performance, and this in turn 
enables ceria to be used in various applications such as 
environmental catalysis, oxygen sensors and fuel cells [6, 
8]. The high activity of Ceria-supported catalysts is due 
to the redox ability of ceria which could be enhanced by 
the formation of oxygen vacancy in ceria under catalytic 
conditions. Also, ceria can act as a good oxygen buffer 
due to its fluorite structure which makes it easier to switch 

between 3‏ and 4 ‏ oxidation states. It’s well-known that 
Rh/CeO2, Ru/CeO2, Pd/CeO2 catalysts are known to show 
outstanding catalytic activity towards oxygen evolution 
reaction (OER) in alkaline medium [8–10].

The synthesis of nanoparticles on conductive carbon 
materials has attracted much attention as efficient electro-
catalysts. Nanosized zirconium oxide has been supported 
on graphitic carbon materials such as carbon black, carbon 
fibers, carbon nanotubes, and graphene sheets via various 
routes [11–13]. In addition, sustainable carbon sources from 
agricultural waste have been receiving increasing attention 
in the last few years. Fibers derived from natural sources 
present several advantages over synthetic fibers. They are 
abundant, biodegradable and renewable. Moreover, they 
have neutral emission of CO2 which cause less environmen-
tal impact [14].

Furthermore, it was reported that, in the electrochemical 
testing process, the corrosion resistance and stability of tran-
sition metal materials used as electrocatalysts are improved 
by introducing cerium or ceria. Moreover, the interaction 
between zirconia and ceria can enhance the catalytic activity 
because of their dual function mechanism [15–17]. Doping 
of zirconia with yttria and ceria improves the stability of 
composite materials. These catalysts are considered to be 
of high efficiency, stability and also inexpensive, and that 
make them excellent candidates to be efficient electrocata-
lysts for OER. Also, it was found that ceria and carbon mate-
rial support have a synergistic effect, which enhances the 
catalytic activity of the electrocatalyst. One of its benefits 
is its multivalent nature which helps in electron exchange 
between matrices and leads to excellent electronic structure 
tuning and so better OER performance. Tuning the compo-
sition, solid solution phase, and structure of the yttria and 
ceria stabilized zirconia (YSZ and CSZ) composites would 
enhance the concentration of oxygen vacancies and increase 
the specific surface area, thereby improving the catalytic 
activity of the OER electrocatalyst [7, 15–19].

In this paper, zirconia was doped and stabilized with 
ceria and yttria in two families of nanoparticles anchored 
on carbon nanosheets derived from natural molasses fibers 
(MCNSs) as efficient electrocatalysts for OER. The prepared 
composites showed enhanced electrocatalytic activities over 
traditional transition metal oxide-based catalysts.

2 � Experimental section

2.1 � Molasses fibers preparation

Extraction of the sugar cane fiber from the plant stem was 
performed according to the process reported in literature 
[14]. As the fiber’s quality depends on the moisture con-
tent, a suitable drying under vacuum at 200 °C for 3 h was 



Journal of Applied Electrochemistry	

1 3

required to obtain partial pyrolysis. Then it was followed by 
grinding of fibers in mortar and pestle.

2.2 � Preparation of YSZ/MCNSs and CSZ/MCNSs 
composites via hydrothermal method

Two families of yttria and ceria stabilized zirconia anchored 
on molasses carbon nanosheets YSZ/MCNSs and CSZ/
MCNSs composites have been prepared. YSZ and CSZ 
nanoparticles were prepared by previously published one-
pot hydrothermal method [11, 16].

The aim of this work is to optimize the amount of molas-
ses carbon and annealing temperature of the YSZ and CSZ 
composites. In order to achieve that, two families of com-
posites were prepared, YSZ/MCNSs and CSZ/MCNSs with 
different molasses carbon weight% and annealed at three dif-
ferent temperatures. The synthesized samples were denoted 
as YSZ X/mC Y and CSZ X/mC Y, where X is the calcination 
temperature; 800, 900 and 1000 °C and Y is the molasses 
carbon weight ratios; 2, 5, 10, 20 wt%).

To synthesize YSZ/MCNSs and CSZ/MCNS compos-
ites with variable molasses carbon weight ratios, dried and 
ground molasses fibers were added to the obtained solution 
of the yttria, ceria and zirconia salts according to the weight 
percent of each composite while stirring. The obtained gels 
was then employed for hydrothermal treatment followed by 
drying in vacuum and finally thermal annealing process in 
Argon environment in a tube furnace at different tempera-
tures 800, 900 and 1000 °C for 2 h with heating rate of 2 
degree per minute to maintain equilibrium heating and cool-
ing and to prevent oxidation of carbon into carbon dioxide. 
The annealing process was followed by leaching with con-
centrated HCl at 80 °C. This introduced more porosity to the 
structures and decreased the particle size. The product was 
then washed thoroughly with deionized water, filtered and 
subsequently dried at 100 °C for 12 h in vacuum.

2.3 � Fabrication of blank YSZ/CB and CSZ/CB 
composites

Blank YSZ and CSZ composites were prepared via the same 
method. The difference was that the molasses carbon was 
replaced by carbon black in the electrode preparation step.

3 � The working electrodes preparation

3.1 � Catalyst preparation of the YSZ/MCNSs and CSZ/
MCNSs composites

The as-prepared YSZ/MCNSs and CSZ/MCNSs composites 
were in powder form, so it was essential to cast the powder 
into a film to test its OER activity. The working electrodes 

were prepared according to that procedure reported in lit-
erature and the used conductive substrate was copper foil 
[13–16].

To acquire the 8 mol% YSZ annealed at 800 °C with 
2 wt% molasses CNSs working electrode; 50  mg YSZ 
annealed at 800 °C/2 wt% molasses CNSs powder, 5.56 mg 
PVDF and 10 μL NMP were mixed and ground in mortar 
and pestle. Then, the obtained homogeneous ink was coated 
onto a bare Cu foil substrate with a geometric area of 1.13 
cm2, which was appointed as YSZ 800/mC 2% for compari-
son with the other samples. Then, the best electrocatalytic 
activity sample of each group was chosen to be compared 
with that of the other ones as shown in Fig. S1 for the YSZ/
MCNSs group of catalysts and Fig. S2 for the CSZ/MCNSs 
group of catalysts.

3.2 � Catalyst preparation of the blank samples 
without MCNSs

Blank samples were prepared via the same preparation 
procedure while using carbon black (Vulcan XC-72R) as 
the conductive agent using the preparation ratios; 90 wt% 
of active material, 5 wt% of binder and 5 wt% of carbon 
black. To acquire the YSZ/carbon black (YSZ/CB) electrode, 
100 mg YSZ composites powder annealed at 800, 900 or 
1000 °C, 5.55 mg carbon black (Vulcan XC-72R), 5.56 mg 
PVDF and 10 μL NMP were mixed and ground in mortar 
and pestle. Next, the obtained homogeneous ink was coated 
onto a bare Cu foil substrate with a geometric area of 1.13 
cm2, which was appointed as YSZ800/CB (blank YSZ with 
carbon black annealed at 800 °C) to be compared with the 
other blank samples annealed at 900 and 1000 °C. Then, the 
best electrocatalytic activity sample of the YSZ/MCNSs and 
CSZ/MCNSs electrocatalysts was compared with its blank 
one.

3.3 � Electro‑chemical characterizations 
of the prepared electrocatalysts

For the evaluation of the electrocatalytic OER activity of 
YSZ/MCNSs and CSZ/MCNSs and their blank samples with 
carbon black, electrochemical measurements were assessed 
using the prepared composites as the working electrodes. 
OER measurements were performed between 0 and 0.9 V 
potential versus the silver/silver chloride couple reference 
electrode (Ag/AgCl) with saturated KCl filling solution 
and Pt wire as counter electrode at a scan rate of 5 mV/s 
in an oxygen-saturated alkaline electrolyte (0.1 M KOH). 
Electrochemical characterizations including cyclic voltam-
metry (CV), linear sweep voltammetry (LSV) and chrono-
potentiometry were carried out on a VSP 300 potentiostat/
galvanostat (BioLogic Science Instruments) electrochemical 
instrument using a three-electrode electrochemical system. 



	 Journal of Applied Electrochemistry

1 3

All potentials herein were converted versus the reversible 
hydrogen electrode (RHE) according to that reported in 
literature [13]. The potential for OER in alkaline medium 
(0.1 M KOH electrolyte), was calculated according to Eq. 1, 
and the overpotential was calculated by Eq. 2 [13].

4 � Results and discussion

4.1 � Physicochemical characterizations 
of the obtained composites

The morphologies and microstructures of the samples were 
characterized by Quanta FEG250 scanning electron micros-
copy SEM and FEG Tecnai Osiris transmission electron 
microscopy TEM. The SEM images of the molasses before 
annealing shown in Fig. 1, revealed the typical structures 
observed before for similar materials, with hollow micro-
fibers of 50 to 100 µm diameters [14]. The fibers are com-
posed of several combined tubes separated by 20–100 nm 

(1)Evs.RHE = Evs.Ag∕AgCl + 1.009 V

(2)� = Evs.RHE − 1.23 V

thick secondary walls. The outer wall of the microfibers is 
rough, with numerous cracks and flakes exfoliated out of 
the walls, reflecting the layered nature of the wall material. 
After annealing, YSZ/MCNSs with different carbon con-
tent at varied annealing temperatures under Ar are shown in 
Fig. 2, the fibrous structure gets completely destroyed into 
nanosheets with lateral diameters in the range of 20–100 nm 
[19–21]. The high pressure of the carbon and hydrocarbon 
gasses produced during the calcination process within the 
hollow fiber tubes is believed to be responsible for exfoliat-
ing the bio-fibers into nanosheets. The oxide particles seem 
to aggregate together into clusters of few micrometer sizes.

As shown in Fig. 3, CSZ nanoparticles are successfully 
synthesized and supported on the carbon nanosheets of 
molasses. It’s observed that the oxide nanoparticles tend 
to aggregate together forming micrometer clusters. The 
blank sample of CSZ without CNSs displayed in Fig. 3k, 
l shows clusters of uniform spheres. Moreover, it can be 
observed that CSZ nanoparticles are randomly distributed 
on the surface of the molasses CNSs, and this in turn would 
further alleviate the aggregation of the nanoparticles and 
hence enhance the catalytic activity of the electrocatalysts. 
SEM images of CSZ and molasses microfibers (CSZ/MCFs) 
before annealing are shown in Fig. 4. It can be observed 
that the as-synthesized CSZ/MCFs composite via the 

Fig. 1   SEM images of dried molasses carbon fibers at 200 °C for 3 h under vacuum
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hydrothermal method are of cracked spherical shape and 
randomly distributed on the surface of the molasses carbon 
microfibers. More interestingly, as shown in Fig. 1, the mor-
phology of these particles dramatically changes after anneal-
ing at higher temperatures under Ar from cracked spherical 
shape to a more uniform nanospheres aggregating together 

forming clusters of few micrometers in size. It can be seen 
that the size of these nanoparticles is around 20–40 nm [22, 
23].

Noteworthy the fact that the energy-dispersive X-ray 
analysis (EDX) can provide accurate information con-
cerning the chemical composition and purity of the YSZ/

(a)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(c)(b)

Fig. 2   SEM images of YSZ/CNSs catalysts after annealing under Ar a, b YSZ 800/mC 5% c, d YSZ 1000/mC 2% e, f YSZ 900/mC 10% g, h 
YSZ 900/mC 20% i, j YSZ 1000/mC 20% and k, l YSZ 800/CB
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(a)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(c)(b)

Fig. 3   SEM images of CSZ/CNSs catalysts after annealing under Ar a, b CSZ 1000/mC 2% c, d CSZ 800/mC 5% e, f CSZ 900/mC 20% g, h 
CSZ 900/mC 5% i, j CSZ 1000/mC 20% and k, l Blank CSZ 1000/CB
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MCNSs and CSZ/MCNSs electrocatalysts [21, 23]. EDX 
spectra of YSZ/MCNSs and CSZ/MCNSs after annealing 
are shown in Fig. S3. These spectra show signals of Zr, Y, 
Ce, O and C while no other elements are detected, which 
indicates the successful preparation of the composites with 

no impurities and reveals that the samples are free of any 
contamination.

The TEM images of YSZ 800/mC 5% shown in Fig. 5 
revealed that these clusters are composed of nanoparticles 
with 20–40 nm in size slightly sintered together. Strong 

Fig. 4   SEM images of CSZ/MCFs before annealing at different magnifications

Fig. 5   TEM images of YSZ 800/mC 5% with scale bars a 200 nm b 100 nm c 50 nm and d 20 nm. d HR-TEM images of selected regions shown 
in c with d spacing of 0.50 nm indexed to the (200) planes of tetragonal YSZ and e Selected area electron diffraction pattern (SAED)
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diffraction contrast arises from those particles in ideal Bragg 
orientation, and as Moire patterns are visible on some of 
them, the grains also seem to overlap. The crystallites do 
not feature a regular shape, while there are some that look 
approximately rectangular, most of them are in the form of 
rounded, irregular particles. The corresponding selected 
area electron diffraction pattern (SAED) revealed discrete 
spots, indicating the oxides nanoparticles are of good 
crystallinity. The high-resolution TEM (HR-TEM) image 
(Fig. 5d) revealed lattice fringes with an inter-planar spac-
ing of 0.5 nm, which can be indexed to the (200) planes of 
the tetragonal YSZ [21, 22]. Since the ionic conductivity 
depends on the crystal structure, this high degree of ordering 
suggests good conductivity, which is bifacial for the electro-
catalysts [24, 25].

Figure 6 shows TEM images of CSZ 1000/mC 2% and 
reveals that these clusters are composed of nanoparticles 
with size ranges from 20 to 60 nm. The HR-TEM image 
shown in Fig. 6d, reveals lattice fringes with an inter-planar 
spacing of 0.32 nm, which was indexed to the (111) planes 
of ceria [26]. TEM images reveal the relatively high surface 
area exposed for the OER. CSZ 1000/mC 2% has higher spe-
cific surface area when the content of carbon in the reactant 

is 2 wt%, which is more conductive to electrochemical pro-
cesses. Therefore, active sites could be more exposed for 
enhancing the OER catalytic activity of this electrocatalyst 
with low carbon content. The selected area electron diffrac-
tion pattern (SAED) shown in Fig. 6e has discrete spots, 
which further demonstrates the crystalline character of the 
CSZ 1000/mC 2% oxide nanoparticles [27].

4.2 � Boosted OER catalysis of YSZ/MCNSs and CSZ/
MCNSs with their blank samples with carbon 
black

As shown in Fig. 7a, the overpotential at 20 mA cm−2 (η20) 
of YSZ 800/mC 5% catalyst is as low as 79 mV, as it’s the 
best electrocatalytic activity sample of the group of catalysts 
annealed at 800 °C with different molasses carbon weight 
ratios which are shown in Fig. S1. With the increase of the 
annealing temperature, the value of η20 increases. This cata-
lyst exhibits the lowest η20 value of 79 mV at carbon loading 
of only 5 wt% and this η20 value is 391 mV lower than the 
blank YSZ 800/CB annealed at 800 ºC, indicating the role of 
the bio-derived nanosheets in enhancing the catalytic reac-
tion. As shown in Fig. 7a, we also tested the OER catalytic 

Fig. 6   TEM images of CSZ 1000/mC 2% with scale bars a 200 nm b 100 nm c 50 nm and d 20 nm. d HR-TEM images of selected regions 
shown in c with d spacing of 0.32 nm indexed to the (111) planes of ceria and e Selected area electron diffraction pattern (SAED)
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activity of the best catalysts of each group annealed at 900 
and 1000 °C along with their blank samples annealed at 
the same temperatures, respectively, and they were found 
to be YSZ 1000/mC 2%, YSZ 900/mC 10% and YSZ 800/
CB for comparison with the best electrocatalytic activity 
sample YSZ 800/mC 5%. Obviously, the YSZ 800/mC 5% 
catalyst could greatly enhance the OER process compared 
with the YSZ 1000/mC 2% (150 mV) and YSZ 900/mC 10% 
(410 mV) samples, both of which were superior to the blank 
YSZ 800/CB (470 mV).

For CSZ/MCNSs electrocatalysts, as shown in Fig. 8a, it 
can be observed from LSV curves that the composite sample 
CSZ 1000/mC 2% exhibits the lowest overpotential com-
pared with the other composites including the blank one. 
It’s obvious from Fig. S2 that CSZ 1000/mC 2% electro-
catalyst was found to be the best electrocatalytic activity 
sample of the group of catalysts annealed at 1000 °C with 
different molasses carbon weight ratios. The lowest overpo-
tential at the current density of 30 mA cm−2 is 50 mV for 
CSZ 1000/mC 2%, which is lower than that of CSZ 800/mC 
5% (120 mV), CSZ 900/mC 20% (190 mV) and Blank CSZ 

1000/CB (220 mV). It can be concluded that incorporation 
of only 2 wt% of molasses carbon into the CSZ composite 
while calcination at 1000 °C under Ar increases the OER 
activity compared with the other samples, and this in turn 
indicates that even incorporation of high amount of molasses 
carbon is better than carbon black CB effect on the electro-
catalytic activity.

Furthermore, the Tafel analysis has been performed to 
assess the kinetic mechanism of the electrocatalyst during 
the OER process [28–31]. Tafel analysis was used to reveal 
the catalytic activity of the prepared electrocatalysts. From 
the polarization curves, Tafel plots were constructed from 
the linear region of the plot by plotting Overpotential ver-
sus Log (current density) and Tafel slopes were calculated. 
The plot of the Tafel slopes shown in Figs. 7b and 8b, was 
obtained from the polarization curves and calculated using 
the Tafel equation [29, 30]. The Tafel slopes of YSZ com-
posites with bioderived nanosheets and those with carbon 
black shown in Fig. 7b, do not display a similar variation 
trend versus annealing temperature to that of LSVs. The 
Tafel slopes of the catalysts were compared, and were found 

Fig. 7   OER performance of YSZ 800/mC 5%, YSZ 1000/mC 2%, YSZ 900/mC 10% and blank YSZ 800/CB catalysts in 0.1 M KOH a polariza-
tion curves b Tafel plots c Double layer capacitance Cdl and d Chronopotentiometry test of YSZ 800/mC 5%, 79 mV at 20 mA cm−2
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to be: YSZ 800/mC 5% (59 mV/decade), YSZ 1000/mC 2% 
(31 mV/dec), YSZ 900/mC 10% (106 mV/dec), YSZ 800/
CB (135 mV/dec). The relatively small Tafel slope revealed 
the rapid reaction kinetics and the highest electrochemical 
kinetics of the YSZ 800/mC 5% catalyst for OER catalysis. 
The results above show that moderate doping of MCNSs 
and annealing at 800 °C is beneficial to the improvement the 
OER activity of YSZ composites.

Similarly, it can be observed that the Tafel slopes of CSZ/
MCNSs electrocatalysts perform the same variation trend 
as the corresponding polarization curves for each sample. 
As shown in Fig. 8b, the Tafel slope of CSZ 1000/mC 2% is 
88.4 mV/dec, CSZ 800/mC 5% is 96.8 mV/dec, CSZ 900/
mC 20% is 129.4 mV/dec and CSZ 1000/CB is 139.8 mV/
dec. Once again, it seems that low amount of molasses car-
bon content leads to enhancing OER activity, however, in 
the case of the CSZ 900/mC 20% composite with higher 
amount of molasses carbon, it seems it decreases the OER 
activity. Overall, stabilized zirconia electrocatalysts doped 
with molasses carbon nanosheets seem to promote the oxy-
gen evolution reaction with better activity than those with 

carbon black. It can be concluded that the electrocatalyst 
CSZ 1000/mC 2% shows the highest OER activity in terms 
of the lowest overpotential and hence lowest Tafel slope.

The above results show that YSZ and CSZ composites 
with bio-derived carbon nanosheets have higher catalytic 
activities than other blank composites. The low catalytic 
activity observed for the blank YSZ 800/CB and CSZ 1000/
CB suggested that Zr species have limited active sites. The 
SEM images in Fig. 2 show that the doping with molas-
ses carbon changes the morphology of YSZ from a cracked 
micronized prismatic shape into nanosized near spherical 
structure with higher crystallinity which is confirmed by 
TEM. This transformation in morphology and crystallin-
ity seems to activate more active sites on the surface. The 
changes in the particle size may also have an impact on the 
electrochemical surface area (ECSA).

Furthermore, in order to reveal the origins of the excellent 
OER activity of YSZ/MCNSs and CSZ/MCNSs electrocata-
lysts, the electrochemical double layer capacitance (Cdl) was 
calculated from the cyclic voltammograms (CV) curves at 
different scan rates of 5, 10, 20, 30, 50 and 100 mV/s, shown 

Fig. 8   OER performance of CSZ 1000/mC 2%, CSZ 800/mC 5%, CSZ 900/mC 20% and blank CSZ 1000/CB catalysts in 0.1 M KOH a Polari-
zation curves b Tafel plots c Double layer capacitance Cdl and d Chronopotentiometry test of CSZ 1000/mC 2%, 50 mV at 30 mA cm−2
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in Fig. S4 and S5 within the potential window of 0–0.9 V vs. 
Ag/AgCl in the non-faradaic region. As a result, the electro-
chemical surface area (ECSA) was directly proportional to 
the Cdl and related to the performance of the catalyst [32].

As shown in Fig. 7c, the Cdl values of YSZ 800/mC 5% 
(41.5 mF cm−2), YSZ 1000/mC 2% (36.5 mF cm−2) and 
YSZ 900/mC 10% (21 mF cm−2) were greater than that of 
YSZ 800/CB (16.5 mF cm−2). The 3D porous structure of 
YSZ/MCNSs increases the ECSAs of YSZ 800/mC 5%, YSZ 
1000/mC 2% and YSZ 900/mC 10% catalysts. The ECSA 
of YSZ 800/mC 5% catalyst almost double that of the YSZ 
composite with CB. Moreover, for CSZ/MCNSs electro-
catalysts, their Cdl are shown in Fig. 8c, the linear slope 
of CSZ 1000/mC 2% was calculated to be 42.6 mF cm−2, 
which is much higher than the Cdl values of the remaining 
electrocatalysts CSZ 800/mC 5%, CSZ 900/mC 20% and 
Blank CSZ 1000/CB with slopes 16.8, 16.65 and 15.5 mF 
cm−2, respectively. Increasing the ECSA means more abun-
dant active sites and facile electrolyte/catalysis interface 
processes. The intensified ECSA and abundant active sites 
accelerated the diffusion and adsorption of electrolytes and 
gaseous products, which also facilitated rapid charge trans-
fer. This revealed that the intrinsic charge transfer could be 
accelerated by doping with MCNSs, which modulated the 
electronic structures of Y, Ce and Zr cations. Furthermore, 
the excellent electronic/ionic conductivity and high oxygen 
storage capacity of ceria also helps in enhancement of the 
OER electrochemical kinetics and activity [33, 34].

Therefore, the YSZ/MCNSs and CSZ/MCNSs electro-
catalysts exhibited highly intrinsic catalytic activity for the 
OER. Thus, the superior catalytic activity of YSZ 800/mC 
5% and CSZ 1000/mC 2% can be related to their higher 
ECSA.

The OER performance of YSZ 800/mC 5% and CSZ 
1000/mC 2% is superior to that of blank YSZ 800/CB and 
blank CSZ 1000/CB, respectively, and comparable to that 
reported in the literature, as summarized in Table 1. It’s 
necessary to perform the long-term stability and durability 
of the OER electrocatalysts to be used in practical applica-
tions. Thus, the stability of the best active electrocatalysts 
presented in this work is evaluated by chronopotentiometry 
(CP) which is the change in potential over time at constant 
driving current density. The long-term stability and durable 
performance of YSZ 800/mC 5% were evaluated by chro-
nopotentiometry (CP) at 20 mA cm−2 for 15 h, as shown 
in Fig. 7d. After an activation period of less than 30 min, 
it seems that the overpotential of YSZ 800/mC 5% catalyst 
has a neglected attenuation, even for prolonged electrolysis 
of 15 h, indicating superior electrochemical stability and 
durability. The CP of CSZ 1000/mC 2% electrocatalyst was 
performed at a constant current density of 30 mA cm−2 for 
20 h and shown in Fig. 8d. It is observed that the overpoten-
tial kept increasing for about 15 h until it reached a stable 

state and an overpotential of 50 mV at 30 mA cm−2 for up to 
20 h. This also indicates the long-term stability and durabil-
ity performance of CSZ 1000/mC 2% electrocatalyst which 
confirms the rapid charge transfer, facile gas adsorption and 
diffusion [28–37].

4.3 � BET surface area analysis

Noteworthy, the electrochemical performance is affected 
by the specific surface area and pore volume of the elec-
trocatalysts. In order to further investigate the surface area 
and porosity of the best electrocatalysts, N2 adsorption and 
desorption measurements were performed. Figure 9 shows 
the N2 adsorption–desorption isotherms and pore size dis-
tribution of the YSZ 800/mC 5% and CSZ 1000/mC 2% 
electrocatalysts. The adsorption–desorption isotherms of N2 
belong to the IUPAC IV isotherm type with hysteresis loops, 
which is characteristic of particles with uniform size and 
mesoporous structure. It’s obvious that the catalysts showed 
type IV isotherms with hysteresis loop at a relative pressure 
of P/P0 = 0.45 to 0.95 for the YSZ 800/mC 5% and CSZ 
1000/mC 2% electrocatalysts. The presence of the hysteresis 
loops confirms the presence of mesopores in the electrocata-
lysts. The BET-specific surface area of the YSZ 800/mC 5% 
electrocatalyst was found to be 198.21 m2 g−1, the pore size 
was 5.3 nm, and the pore volume was 0.2753 cm3 g−1. While 
for the CSZ 1000/mC 2% electrocatalyst, the surface area 
was 173.35 m2 g−1, the pore size was 5.5 nm, and the pore 
volume was 0.2513 cm3 g−1. It is observed from the surface 
area data that the relatively high specific area of the electro-
catalysts is one of the reasons for their high catalytic activity 
and these results are consistent with the TEM results. This 
high surface area may have originated from anchoring the 
YSZ and CSZ composites on the surface of the MCNSs. 
Furthermore, high surface area can provide more active sites 
for the electrochemical reactions and enhance the electro-
catalytic activity and ease the diffusion of the gaseous prod-
ucts. The pore size distribution indicates the existence of the 
mesoporous structure and mesopores in the electrocatalysts 
[8, 35]. The high specific pore volume leads to the enhance-
ment in faster charge and oxygen ions transportation and 
gaseous diffusion during the charge and discharge processes 
and thus providing high active sites for the electrochemical 
reactions and enhancing their performance. Therefore, the 
relatively high specific surface area and high specific pore 
volume lead to enhanced electrochemical activity and per-
formance [38, 39] (Table 2).

4.4 � Physicochemical characterizations of the best 
electrocatalysts

To further elucidate how molasses carbon nanosheets 
improve the OER activity of the studied electrocatalysts, 
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The phase identification and the crystalline nature of the 
best of the studied electrocatalysts were confirmed by 
X-ray powder diffraction PXRD patterns which were per-
formed by Philips diffractometer with monochromatic Cu 
K α radiation (λ = 1.5405 Å) and a fast multi-strip detec-
tor. X-ray diffractograms of the best electrocatalysts of 
YSZ/MCNSs; YSZ 800/mC 5%, YSZ 1000/mC 2%, YSZ 
900/mC 10% are shown in Fig. S6 and the blank sample 

prepared without molasses carbon which is annealed at 
800 °C is also shown for comparison.

All observed peaks of the YSZ/MCNSs electrocata-
lysts were indexed to 8 mol% yttria stabilized zirconia 
with a tetragonal phase without any observable impurities 
[38]. The XRD patterns were matched with the diffraction 
file of the zirconia tetragonal phase (YTZP) (ASTM file 
00-049-1642) while no peaks corresponding to monoclinic 

Table 1   Comparison of the electrochemical results with literature

Catalyst Support Electrolyte Overpotentialɳ (mV) Tafel slope
(mV/dec)

Cdl
(mF cm−2)

Refs.

YSZ 800/mC 5% Cu foil 0.1 M KOH ɳ@20 mA cm
−2

79 mV
59 41.5 This work

YSZ 1000/mC 2% Cu foil 0.1 M KOH ɳ@20 mA cm
−2

150 mV
31 36.5 This work

YSZ 900/mC 10% Cu foil 0.1 M KOH ɳ@20 mA cm
−2

410 mV
106 21 This work

YSZ 800/CB Cu foil 0.1 M KOH ɳ@20 mA cm
−2

470 mV
135 16.5 This work

CSZ1000/mC 2% Cu foil 0.1 M KOH ɳ@30 mA cm
−2

50 mV
88.4 42.6 This work

CSZ 800/mC 5% Cu foil 0.1 M KOH ɳ@30 mA cm
−2

120 mV
96.8 16.8 This work

CSZ 900/mC 20% Cu foil 0.1 M KOH ɳ@30 mA cm
−2

190 mV
129.4 16.65 This work

CSZ 1000/CB Cu foil 0.1 M KOH ɳ@30 mA cm
−2

220 mV
139.8 15.5 This work

3D Zr-Co3O4/NF Ni Foam 1 M KOH ɳ@20 mA cm
−2

307 mV
99 114.3 [5]

Ru0/CeO2 GCE 0.5 M KOH ɳ@10 mA cm
−2

420 mV
122 0.083 [6]

CeO2/MOF/GO GCE 1.0 M KOH ɳ@10 mA cm
−2

386 mV
98.1 2.94 [8]

CeO2/CuO/Co3O4 Cu Wire 0.1 M KOH ɳ@10 mA cm
−2

520 mV
87.1 –- [17]

NiFeZr LDHs Ni Foam 1 M KOH ɳ@10 mA cm
−2

198 mV
53.1 4.16 [18]

NiFeZr MOFs-0.12 GCE 1 M KOH ɳ@10 mA cm
−2

288 mV
66 0.18 [19]

Co/ZrO2 GCE 1.0 M KOH ɳ@10 mA cm
−2

373 mV
70.8 0.317 [27]

Co/CeO2 GCE 1.0 M KOH ɳ@10 mA cm
−2

365 mV
65.0 0.446 [27]

1-CeO2@NGO GCE 0.5 M KOH ɳ@10 mA cm
−2

1.2 V
107 –- [29]

Ce0.85Ni0.15O2 GCE 0.1 M KOH ɳ@1 mA cm−2

560 mV
192 –- [35]

NF/CeO2–x-Ni Nickel Foam 6 M KOH ɳ@50 mA cm
−2

390 mV
74 2.22 [37]

Ni80Fe20/50 wt% CeO2 GCE 1 M KOH ɳ@80 mA cm
−2

357 mV
40 –- [22]

Cu @ CeO2 @ NFC-0.25 Cu Foam 1 M KOH ɳ@10 mA cm
−2

230.8 mV
32.7 2.74 [15]
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zirconia were observed and the highest intensity peak 
observed at ca. 30° correspond to t (111) plane of tetrago-
nal zirconia (space group: p 42/n m c) [22, 38]. In this 
study, the increase in oxygen vacancies may be due to the 
incorporation of carbon nanosheets from molasses in the 
YSZ lattice as observed in SEM. The characteristic peaks 
of YSZ/MCNSs composites match the tetragonal ZrO2 
phase (JCPDS 79-1764) in literature [22, 38, 40, 41]. The 

broad peaks at 2θ = 30.2°, 50.3° and 60.2° are attributed 
to the (111), (112) and (121) lattice planes of tetragonal 
ZrO2, respectively, and indicates the nanometer size of the 
particles. The XRD results demonstrate that our approach 
successfully stabilized the tetragonal phase of ZrO2 in 
the electrocatalysts. Besides, there are no other impurity 
peaks are observed in the XRD patterns of YSZ/MCNSs 
catalysts, demonstrating that yttrium ions has been doped 
into the zirconia lattice [22]. XRD patterns of the remain-
ing catalysts annealed at 900 and 1000 °C shows enlarge-
ment in the peak intensity as the annealed temperature 
increased, indicating the effect of thermal treatment of the 
samples on their catalytic activity.

These XRD patterns of the samples agrees well with 
that reported in the literature, suggesting the successful 
synthesis of YSZ doped with molasses carbon nanosheets. 
With the doping of molasses carbon, the crystallinity of 
YSZ increases but the main diffraction peaks still remain 
due to the larger size of Zr ion and its different coordina-
tion number, and this result is consistent with the TEM 
images [25, 41].

Table 2   The surface area data compared with literature

Sample Surface area (m2 g−1) Refs.

YSZ 800/mC 5% 198.21 This work
CSZ 1000/mC 2% 173.35 This work
CMG-1 146.715 [8]
CeO2 22.421 [8]
CeO2/CuO/Co3O4 27.9 [17]
Ce0.5Ni0.5O2 39 [35]
4YSZ 58 [38]
t-ZrO2 74 [39]

Fig. 9   N2 adsorption–desorption isotherms of a YSZ 800/mC 5% and b CSZ 1000/mC 2%, and the pore size distribution of c YSZ 800/mC 5% 
and d CSZ 1000/mC 2%
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Similarly, X-ray diffractograms of the best electrocata-
lysts of CSZ/MCNSs; CSZ 1000/mC 2%, CSZ 800/mC 5%, 
CSZ 900/mC 20% and the blank sample CSZ 1000/CB are 
shown in Fig. S7. It’s obvious that the diffraction peaks in 
the XRD pattern of the CSZ nanoparticles exhibit both the 
tetragonal and cubic phases of the CSZ solid solution as the 
diffraction peaks observed at 2θ = 28.47°, 33.11°, 47.48°, 
56.30°, 59.07° and 69.44° correspond to (PDF#43-1002) 
of a cubic fluorite ceria structure and the diffraction peaks 
observed at 2θ = 30.1°, 35.0°, 50.1° and 59.8° were assigned 
to the tetragonal zirconia phase (t-ZrO2) (PDF#49-1642) [42, 
43]. And these results are consistent with the TEM results.

Furthermore, in order to reveal the origins of the high 
catalytic activity of the YSZ 800/mC 5% and CSZ 1000/
mC 2% electrocatalysts, the surface chemical and electronic 
states were analyzed by X-ray photoelectron spectroscopy 
tests on a PHI VersaProbe XPS system by Physical Electron-
ics (PHI) with a detection limit of one atomic percent. XPS 
survey spectrum for YSZ 800/mC 5% catalyst is shown in 
Fig. 10a which displays the predominant diffraction peaks 
of Zr, Y, C and O which are present in the YSZ 800/mC 
5% catalyst sample. The Zr 3d, C 1s, Y 3d and O 1s spectra 
of the YSZ 800/mC 5% catalyst are shown in Fig. 10b–e, 

respectively, and no other impurities were detected. In XPS 
survey figure, the chemical species present in the YSZ/
MCNSs composite surface can be distinguished, which are 
the zirconium (Zr 4p, 3d, 3p and 3s), yttrium (Y 3d), car-
bon (C 1s) and the oxygen (O 1s) signals [44]. The Zr 3d5/2 
doublet peak found at a binding energy (BE) of 182.5 eV 
was related to Zr4+ state. The Y 3d5/2 and the O 1s BEs 
found at 159.5 and 532 eV, respectively, were associated to 
their oxide states [45]. The XPS analysis verified that YSZ/
MCNSs composites were synthesized with a proportion of 
about 8 mol% Y2O3 in ZrO2 with no contaminants [46]. A 
moderate peak of C 1s (285 eV) appears which indicates the 
presence of molasses carbon. As it is expected, annealing in 
an inert environment helped the presence of carbon without 

Fig. 10   XPS spectra of the YSZ 800/mC 5% electrocatalyst a The XPS profile survey spectra b Zr 3d c Y 3d d C 1s and e O 1s region spectra

Table 3   The atomic percentages of Zr, Y, C and O

Name Peak BE FWHM eV Area (P) CPS.eV Atomic % Q

Zr 3d 185.4 5.63 433,334.8 22.06 1
O 1s 532.6 5.17 313,971 46.26 1
C 1s 286.96 5.3 80,884.73 30.44 1
Y 3d 159.45 4.45 12,420.54 1.24 1
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oxidation. The atomic percentages of Zr, Y, O and C are 
shown in Table 3.

It is well-known that XPS is a very sensitive tool in ana-
lyzing the chemical state of zirconium cations in zirconia 
and its composites. Figure 10b displays the XPS spectra of 
the Zr 3d of the YSZ 800/mC 5% catalyst sample. XPS spec-
tra of YSZ 800/mC 5% catalyst in the Zr 3d region show the 
presence of surface ZrO2 and Zr(OH)4 nanoparticles NPs. 
The peaks appeared at 184.82 and 182.23 eV are character-
istic peaks of surface ZrO2, whereas the peak at 187.56 eV 
is assigned to Zr(OH)4 or bonding of zirconium with molas-
ses carbon, which proves the successful doping of molasses 
carbon into the YSZ lattice [47, 48]. The binding energy 
values of Zr 3d components observed in this study are in 
accordance with values reported in the literature [44–51].

The Y 3d XPS spectrum shown in Fig. 10c exhibits two 
peaks at 157.3 and 159.32 eV, which are attributed to Y 
3d5/2–O–Zr and Y 3d3/2–O–Zr, indicating the existence of 
Y3+ species. The third peak at a binding energy of 160.94 eV 
may be assigned to bonding of yttrium with molasses carbon 
Y 3d3/2–C, which proves the successful doping of molasses 
carbon into the YSZ lattice [39, 52, 53].

In order to illustrate the carbon bonding nature, a detailed 
analysis of the C 1s peak is presented in Fig. 10d. Fig-
ure 10d shows the C 1s spectra, which are decomposed into 
three Lorentzian peaks. Here, we focus on the two strong-
est peaks centered at 284.7 eV and 286.91 eV. This figure 
shows a typical XPS spectrum of C1s with the presence of 
a C–C peak around 284.7 eV which is characteristic for sp2 
bonded carbon atoms and demonstrate that the sp2 bonds are 
dominant in the carbon layer on YSZ composite [54]. The 
oxidized species C–O are detected at a binding energy of 
around 287 eV or Zr–O–C formation and the peak appeared 
at binding energy value of 290.39 eV may be attributed to 
carbon–fluorine bonds [55–57].

In XPS spectra of O 1s core levels, shown in Fig. 10e, the 
three peaks at 530.05, 532.15 and 532.94 eV can be assigned 
to lattice oxygen, surface oxygen vacancy and adsorbed oxy-
gen, respectively. It should be noted that the YSZ 800/mC 
5% catalyst shows a higher concentration of oxygen vacan-
cies or hydroxide ions on the surface, supposing that the 
incorporation of molasses carbon can create more oxygen 
vacancies and boost the adsorption/desorption of OH− ions 
and thus accelerate the kinetic process leading to enhance-
ment of the OER activity [58]. These results are in good 
agreement with literature as the deconvolution of O 1s 
spectrum resulted in the observation of O–Zr4+, Zr–OH and 
C–OH or C–O–C bonds with binding energies in the range 
of 529.7 to 530 eV, 531.7 to 532 eV and 533 to 534 eV, 
respectively. XPS results proved the existence of oxygen 
vacancies in these composites pyrolyzed in inert atmosphere 
and the intensity of the peaks revealed surface defects with 
more surface hydroxide ions OH− [59–63]. The above results 

demonstrated the outstanding stability of the YSZ 800/mC 
5% catalyst nanosheets and that there were stronger elec-
tronic interactions between Zr4+, Y3+ and molasses carbon in 
YSZ 800/mC 5% catalyst with only 5 wt% molasses carbon. 
According to the above results and morphological analysis, 
YSZ 800/mC 5% electrocatalyst demonstrates excellent OER 
activity due to its unique nanosheet structure and Zr modi-
fied surface electronic structure. In addition, the unique mor-
phology and binder-free copper foil substrate provide high 
conductivity and rapid charge transfer, which can expose 
more active sites. These can enhance intrinsic activity of 
the active sites to promote the OER catalytic performance.

Moreover, the survey spectrum of CSZ 1000/mC 2% elec-
trocatalyst is shown in Fig. 11a and the atomic percentages 
of Zr, Ce, C and O elements are shown in Table 4, along 
with their peaks binding energies. The binding energy spec-
tra of Zr 3d5/2 and Zr 3d3/2 are shown in Fig. 11b, three bands 
are observed at 182.01 eV, 184.63 eV and 187.46. The peaks 
located at 182.01 and 184.63 eV are characteristic peaks of 
surface ZrO2, which corresponds to the Zr 3d5/2 and Zr 3d3/2, 
respectively, whereas the peak at 187.56 eV may be assigned 
to Zr(OH)4 and the adsorption of OH− ions on the catalyst 
surface which may be the reason of the high catalytic activ-
ity of the examined electrocatalyst [15, 64, 65].

Also, the Ce 3d state’s spectra displayed in Fig. 11c, 
show different types of Ce 3d transitional peaks which were 
deconvoluted and analyzed in detail in the ceria-based cata-
lysts in literature [65]. This proves that ‏ both Ce3+  +and Ce4 ‏
species co-exist in the catalyst.

The coexistence of Ce3+ and Ce4+ species ‏  provides more ‏
oxygen vacancies to the catalyst, which increases the con-
ductivity and in turn leading to increase in the catalytic 
activity [15]. It’s essential to mention that Ce4+ is reduced 
to Ce3+ and this reduction process is accompanied by the 
formation of oxygen vacancies, which helps in the trans-
formation of adsorbed oxygen species into active oxygen 
species and also the migration of bulk lattice oxygen to the 
surface, which leads to enhancing the redox reaction [66]. 
Also, the formation energy for oxygen vacancies in CSZ 
catalysts indicates that the oxygen atoms, cerium and zirco-
nium cations in CSZ solid solution could have been activated 
to show better charge mobility leading to optimized catalytic 
performance [67].

Moreover, C1s spectrum was deconvoluted to three peaks 
which arise from the CNSs structure as shown in Fig. 11d. 
The peak located at 284.51 eV is attributed to the C–C bond. 
The second peak located at 286.84 eV is assigned to the 
oxidized species C–O or Zr–O–C formation and the third 
one observed at 290.42 eV may be referred to –O–C=O 
group [68].

Additionally, the O 1s peaks of the CSZ 1000/mC 2% 
electrocatalyst all appear in the range of 530–533 eV; this 
binding energy range belongs to the adsorbed oxygen (Oads) 
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or oxygen defects on the electrocatalyst surface [69]. The O 
1s XPS spectra of the sample shown in Fig. 11e, displays 
three oxygen states, among which the peak at the binding 
energy of 530.03 eV represents the lattice oxygen or oxygen 
combined with metal ions O–Ce–Zr. The characteristic peak 
at the binding energy of 531.89 eV represents the oxygen 
defects inside the lattice or oxygen of absorbed OH− ions. 
The characteristic peak at the binding energy of 532.12 eV 
may be the oxygen bound to carbon O–C [70, 71].

It can be concluded that, the outstanding OER perfor-
mance of the YSZ/MCNSs and CSZ/MCNSs catalysts can 
be ascribed to the synergistic effect of the components of the 

electrocatalyst; ceria, yttria, zirconia, and molasses carbon 
nanosheets, resulting in larger ECSA with sufficient active 
sites, which in turn leads to rapid charge transfer and facili-
tates oxygen and gaseous diffusion due to the presence of 
the oxygen vacancies.

5 � Conclusion

Using YSZ and CSZ as representative examples of zirconia 
composites with metal oxides, YSZ and CSZ composites 
doped with molasses CNSs were synthesized. Herein, zir-
conia composites are converted into hydroxides under OER 
conditions which are responsible for the high catalytic activ-
ity of these composites in OER. Due to this in situ trans-
formation, a current density of 20 mA cm−2 is obtained at 
much reduced overpotential of 79 mV in alkaline solution 
using YSZ 800/mC 5% catalyst and a current density of 
30 mA cm−2 is obtained at overpotential of 50 mV using the 
CSZ 1000/mC 2% catalyst. The high catalytic activity, long-
term stability, and durability of these catalysts were further 
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Fig. 11   XPS spectra of the CSZ 1000/mC 2% electrocatalyst a The XPS profile survey spectra b Zr 3d c Ce 3d d C 1s and e O 1s region spectra

Table 4   The atomic percentages of Zr, Ce, O and C

Name Peak BE FWHM eV Area (P) CPS.eV Atomic % Q

O 1s 532.71 5.78 151,613.1 45.22 1
Zr 3d 185.3 5.88 173,814.4 17.91 1
C 1s 286.32 5.72 44,874.34 34.17 1
Ce 3d5 885.61 6.32 71,513.36 2.7 1
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proved by electrochemical studies in terms of Tafel slopes, 
ECSA and chronopotentiometry. The experimental verifica-
tions indicate that the molasses CNSs doping in YSZ and 
CSZ composites led to the optimization of the morphology 
and electronic structure of this unique nanosheet structure, 
and so OER performance. This work may provide a guide for 
designing better metal oxide-based nanomaterials as efficient 
electrocatalysts with high catalytic activity.
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