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Abstract: 

Supercapacitor  performance is  generally  hindered by sluggish electrode reaction kinetics, 

which can be improved through doping to  create  surface defects,  oxygen vacancies,  and 

active sites. Pristine TiO , Er-doped, Eu-doped, and Er/Eu co-doped TiO  nanoparticles were₂ ₂  

synthesized via a solution-based method. Among all of the electrodes fabricated, Er/Eu co-

doped TiO  showed the highest specific capacitance of 1772.5 F g ¹ at 1 A g ¹ and a low₂ ⁻ ⁻  

charge transfer resistance of 12.37 Ω, highlighting the enhanced electrical conductivity and 

rapid ion and electron transport. The Er/Eu co-doped TiO  electrode was further investigated₂  

in asymmetric supercapacitor geometry where it demonstrated a wide potential window of 

1.6 V and specific capacitance of 135 F g ¹ at 2 A g ¹, energy density of 48 Wh kg ¹, and⁻ ⁻ ⁻  

power density of 1.6 kW kg ¹. Additionally, TiO⁻ , ₂ Er-doped, Eu-doped and Er/Eu co-doped 

TiO₂ exhibited excellent  oxygen evolution reaction performance,  with onset  potentials  of 

1.57, 1.52, 1.49,  and 1.47 V and low overpotentials of 460, 400, 380 and 290 mV at 20 mA 

cm ². The electrodes exhibited excellent electrochemical stability when tested for 20 hours⁻  

using constant potential electrolysis. Tafel slopes of 166.11, 164.71, 139.08 and 115.19 mV 

dec-1,  suggested that all  the electrocatalysts under study are promising materials for OER 

research. These findings confirm that TiO2 co-doped with rare earth metals is an appealing 

electrode material for energy storage as well as energy generation. 

Keywords: Lanthanide  doping,  Electrode  kinetics,  Battery-type  supercapacitors,  OER 

activity, Titania.   



Introduction

The exponential increase in the use of fossil fuels due to industrialization and urbanization, 

has  led  to  the  depletion  of  their  reserves  and  has  had  a  detrimental  impact  on  the 

environment.1 There  is  therefore  an  urgent  need  to  develop  alternative  environmentally 

friendly,  affordable,  and  sustainable  energy  technologies,  capable  of  meeting  the  global 

energy demand while curbing society’s reliance on fossil fuels.2-5 The resulting reduction in 

the use of fossil fuels will also assist to mitigate global warming. In this regard, efforts are 

being  devoted  to  advancing  both  renewable  energy  generation  and  energy  storage 

technologies. According to the statistical data, the demand for energy storage devices (ESDs) 

will  increase  threefold  by  2030 compared to  their  current  value.6-7 Recently,  ESDs have 

become indispensable in our lives and are used in a wide range of products, such as portable 

devices,  mobile  phones,  computers,  and  hybrid  electric  vehicles,8-9 to  name  just  a  few. 

Among  commonly  used  energy  storage  devices,  supercapacitors  (SCs)  offer  numerous 

advantages  such as  safe  operation,  high power  density,  rapid  charge/discharge  rates,  and 

long-life cycles compared to batteries. SCs have been demonstrated to possess a maximum 

efficiency of 98%surpassing that of batteries which exhibit between 70 and 95% with respect 

to  their  power  density.  SCs  exhibit  power  densities  in  the  range  of  1000–2000  W kg-1 

whereas batteries are typically in the range from 50–200 W kg-1, with the life cycle of SCs 

exceeding  1,000,000  cycles  due  to  their  fast  charge-discharge  rate.10-12 SCs  store  charge 

through two mechanisms depending on the electrode material type employed. Carbon-based 

materials utilize the electrical double-layer capacitance (EDLC) at the electrode-electrolyte 

interface,  while  metal  oxides  and  polymers  employ  pseudocapacitance  via  faradaic 

reactions.13-14 Therefore,  development  of  electrode  materials  exhibiting  exceptional 

electrochemical properties is essential. Metal oxides such as MnO , NiO, RuO , V O , TiO ,₂ ₂ ₂ ₅ ₂  

and Co O , as well as a number of conducting polymers, have shown potential for application₃ ₄  

as SC electrodes.15-18 While metal oxides exhibit high specific capacitance they often suffer 

from poor charge-discharge rates and stability, a condition which can be improved through 

doping and composite formation.19 

TiO2 has gained huge attraction as an electrode material in SCs because of its low toxicity 

and excellent stability.20-21 TiO2 exists in three phases: rutile, anatase, and brookite, with each 

having unique structural properties.22 The anatase phase stands out as the most stable phase of 

TiO2 when its dimensions are on the nanoscale.23 Numerous strategies such as doping with 

metals or non-metals and creating surface defects/oxygen vacancies, have proven to be useful 

in modifying surface properties.24-32 Therefore, various strategies for the modification of TiO2 



for  energy  storage  applications  have  been  made.  Recently,  Jaffri  et  al.33 prepared  a 

lanthanide-doped TiO  system (Ce/Pr/Nd)³  with excellent bifunctionality for water splitting₂ ⁺  

(OER: 140 mV, HER: 135 mV), high capacitive performance (749 F g ¹), and low resistance⁻  

(0.12  Ω).  Additionally,  the  material  served  as  an  efficient  electron  transport  layer  in 

perovskite solar cells, achieving 16.71% efficiency under ambient conditions. Munawar et 

al.34 developed Ce/Ho co-doped TiO  nanostructures synthesized via a sol-gel method which₂  

showed a high specific capacitance of 1714 F g ¹ and 99.28% capacity retention after 5,000⁻  

cycles. Li et al.35 synthesized a 3D N-doped Ti C /TiO₃ ₂ ₂ hollow composite which exhibited a 

high capacitance of 572 F g ¹ and 99.6% stability over 9,500 cycles. When employed in a⁻  

symmetric supercapacitor device it achieved a capacitance of 157 F g ¹ and an energy density⁻  

of 17.7 Wh kg ¹, demonstrating excellent energy storage potential.  ⁻ Lanthanides have been 

used as dopants in various materials in order to tune their structural, optical, electronic, and 

magnetic properties.36-41 With respect to supercapacitor applications in particular, the doping 

of Er and Eu in various metal  oxides has shown multifold enhancements in their  charge 

storage capacity and cyclic stability.42-46 The presence of 4f unpaired electrons in Er and Eu 

contributes to enhancing the energy storage capacity of the materials as the electrons do not 

participate  in  chemical  bonding.  Additionally,  rare  earth  metals  are  considered  to  be 

chemically  passive  and  many  form  redox  couples  which  indicates  the  thermodynamic 

feasibility of electrochemical storage.47 In comparison to single metal doping, the co-doping 

of  metal  oxides  creates  additional  defects  and  oxygen  vacancies,  improving  electrical 

conductivity and enriching active sites. This modification leads to enhanced reaction kinetics, 

generating a synergistic effect that ultimately increases the overall energy storage capacity of 

the materials.48 

In  addition  to  charge  storage  devices,  researchers  are  also  focusing  their  efforts  on  the 

development of low-cost, efficient and stable electrocatalysts to be used as an alternative to 

expensive noble metal-based catalysts. Thus, it is imperative to design cutting-edge materials 

with exceptional electrochemical properties.49 TiO2 is also a promising electrocatalyst owing 

to  its  low  overpotential  and  high  electrochemical  stability  when  employed  for  water 

electrolysis.50-51 Moreover,  rare  earth  metal-doped  TiO2 nanomaterials  have  proven  to  be 

excellent electrocatalysts with enhanced efficiency, particularly in oxygen evolution reaction 

(OER),  offering  a  viable  solution  for  the  development  of  renewable  and  sustainable 

electrocatalysts.48 During  the  OER,  one  component  may  act  as  a  co-catalyst  for  other 

components present within the system. In situ generated MOOH (M = metal) behaves as a co-



catalyst  to elevate the catalytic performance of  the OER catalyst.  The positively charged 

MOOH  absorbs  oxygen  while  the  negatively  charged  metal  oxide  (TiO2)  absorbs  the 

hydrogen atoms of the water molecules. This collaborative effect between MOOH and TiO2 

accelerates the cleavage process of H–OH into H2 and O2 gases at their respective electrodes 

during the water splitting process. Under strongly alkaline conditions, the transition metal 

oxides often oxidize to their corresponding oxides/(oxy)hydroxides at the operation potentials 

at  which  the  OER  occurs.  Surprisingly,  the  species  formed  after  the  transition  metal 

oxide autoxidation exhibit  greater  catalytic  activities  towards  OER  compared  to  its  pre-

oxidized catalytic performance. 

Herein, we present a facile synthesis of pristine, Er-doped, Eu-doped, and Er/Eu co-doped 

TiO2 nanoparticles by using a simple solution based chemical method. The effect of mono- 

and co-doping TiO2 with lanthanides on the charge storage performance was investigated in a 

three-electrode  system  as  well  as  by  fabricating  an  asymmetric  device.  In  addition,  the 

bifunctionality/versatility of the synthesized materials was examined by employing them to 

perform the electrochemical OER. Overall, doping TiO2 with lanthanides has proven to be a 

very useful strategy for improving the process of bifunctional energy generation and storage.

Experimental Section

Materials

The titanium(IV) tetra isopropoxide (Ti[OCH(CH3)2]4, 97%), erbium nitrate (Er(NO3)3·5H2O, 

99.9%),  europium nitrate  (Eu(NO3)3·5H2O, 99.9%),  and  1-propanol  were  purchased  from 

Sigma Aldrich and used as received. 

Synthesis of Pristine and Co-doped TiO2 Nanoparticles

In a typical synthesis, titanium(IV) tetraisopropoxide (TTIP) (3.25 mL) was mixed with 1-

propanol (7.8 mL) and stirred for 10 minutes. A mixture of de-ionized water (0.8 mL) and 1-

propanol (4.9 mL) was added dropwise to the above solution. Subsequently, the mixture was 

left to stir for 24 hours at room temperature. The resulting mixture was then centrifuged and 

dried at  room temperature overnight.  The powder obtained was annealed at  500 °C for 1 

hour.  The  doped  and  co-doped  5%  (Er,  Eu)  TiO2 nanoparticles  were  synthesized  by 

employing the same procedure except the dopant salts were added to the 1-propanol before 

the addition of TTIP. The resulting powder was again dried and subsequently annealed at 

500 °C for 1 hour to obtain mono- and co-doped TiO2  nanoparticles. The synthesis scheme 

for Er/Eu co-doped TiO2 is shown in Figure 1.52  

https://www.sciencedirect.com/topics/materials-science/autoxidation


Figure 1. illustration for the synthesis of Er/Eu co-doped TiO2

Preparation of Polymer Gel Electrolyte

PVA/KOH gel polymer electrolyte was used as separator for the fabrication of a quasi-solid-

state device. Synthesis of the separator was accomplished through a solution-casting method. 

Briefly, 1.5 grams of PVA was added to 20 mL of distilled water, and the mixture agitated at 

90  until it became clear and uniformly viscous. Following the cooling of the solution to℃  

ambient  temperature,  10 mL of an aqueous solution containing 2 g of  KOH was slowly 

introduced while ensuring continuous stirring for 2 hours at room temperature. The resultant 

transparent, adhesive solution was then transferred into a petri dish and allowed to remain 

undisturbed for 24 hours to facilitate the spontaneous drying of the polymer.

Electrode Fabrication and Measurement 

The working electrodes were fabricated by depositing the active  materials  onto activated 

nickel foam. The activation of nickel foam was achieved by washing it with acetone, 3 M 

H2SO4, water and ethanol, respectively. The thick slurry-like paste was made by dissolving 

80% synthesized active materials, 10% conducting carbon, and 10% polyvinylidene fluoride 

(PVDF) in N-methyl-2-pyrrolidone (NMP). The as-prepared slurry was drop-cast onto the 

activated nickel foam having dimensions 1×1 cm2 and dried at 70 °C for 12 hours. The mass 

loading of the active material was approximately 1 mg ± 5%. The mass was calculated before 

and after the deposition on nickel foam. The electrochemical measurements were performed 

on a Gamry workstation (interface 1010E). Asymmetric devices were fabricated by the same 

method with the exception that the dimensions were 1.5×1.5 cm2 . Specific capacitance (Csp) 

values  were  evaluated  by  employing  equation  1  and  2  for  the  three-electrode  setup  and 

fabricated device.53 

C sp =
∫ IdV

2 km ∆ V
 (1)

C sp =
I ∆ t
m ∆ V

 (2)



where Csp is in F g-1, I denotes current (A), m the mass in grams,  ∆t the discharge time in 

seconds, and ∆V the potential window in volts. 

For electrochemical OER investigations, the following equations have been used.

ERHE = EAg / AgCl + (0.1976 + 0.059  pH )  V   (3)

η = ERHE - 1.23  V   (4)

The Nernst equation has been employed to calibrate all potential values. While the 0.1976 V 

is the standard potential of the Ag/AgCl electrode at 25°C and 0.059 V demonstrates the 

Nernstian  slope,  which  adjusts  for  the  effect  of  pH on the  potential.  The  1.23  V is  the 

theoretical minimum voltage required to split water into hydrogen and oxygen under standard 

conditions. The kinetic parameters were evaluated by using the Tafel equation. 

η = b  log ( j ) + a   (5)

The value of b can be found from the slope, j represents the current  density,  and  a  is  a 

constant which may be determined from the intercept of the line with the y-axis.54

The double layer capacitance (Cdl) was measured by using CV in the non-faradic window, 

between  −50  to  150 mV  against  the  Ag/AgCl reference  electrode, at  different  scan  rates 

ranging from 5 to 50 mV/s. Thereafter, the electrochemically active surface area (ECSA) was 

calculated using the following equation 6.

ECSA = Cdl / Csp   (6)

where  Csp is  the  specific  capacitance  of  the  materials.  The turnover  frequency (TOF)  is 

calculated using the following equation 7.

TOF = I / (4 ✕ F ✕ m)  (7)

where I is current, F is the  Faraday constant and m the number of moles of catalyst used 

during the electrolysis experiment.

Physical Characterization with Methods of Preparation 

The  X-ray  diffraction  (XRD)  spectra  were  obtained  using  a  Bruker  advance  AXS  D8 

diffractometer with a Cu source running at 30 kV and 10 mA. The as-prepared samples were 

placed  on  a  silicon  wafer  holder.  Raman  spectra  were  obtained  on  the  Renishaw InVia 

instrument using an excitation laser whose wavelength was 633 nm. The samples were loaded 

on a thin Al film and the laser power was maintained below 0.02 mW. The optical studies 

https://www.sciencedirect.com/topics/engineering/faradays-constant
https://www.sciencedirect.com/topics/chemistry/turnover-frequency
https://www.sciencedirect.com/topics/chemistry/surface-area


were  carried  out  with  the  aid  of  a  UV-visible  (Shimadzu-1700)  double  beam 

spectrophotometer. The materials were first dispersed in water and then storied for 2 hours 

before obtaining the spectra. Scanning electron microscopy (SEM) images were conducted on 

an  FEI  Quanta  400,  equipped  with  an  Oxford  Instruments  Xplore  30  energy  dispersive 

spectroscopy (EDS) detector. The as-prepared samples were deposited onto Al stubs followed 

by sputtering with  a  carbon layer.  The energy dispersive  X-ray spectroscopy (EDX) and 

elemental  mapping  were  recorded  simultaneously  on  the  same  instrument.  Transmission 

electron  microscopy  (TEM)  images  were  captured  on  a  JEOL  JEM-1200  EX  MKII 

microscope, equipped with a thermionic gun (tungsten filament), operating at an acceleration 

voltage  of  120  kV.  The  as-prepared  samples  were  dispersed  in  water  and  dropped  onto 

carbon-coated copper grids followed by solvent evaporation.

Results and Discussion 

The phase formation and purity of the pristine and modified nanomaterials were elucidated 

by XRD as shown in Figure 2(a). The peaks precisely align with those of the anatase phase 

of TiO2 (ICDD # 83-2243) and can be indexed to the (101), (004), (200), (105), (211), and 

(204) planes, respectively. However, there was a negligibly small/minor peak around ≈31o 

that  matches  with  the  brookite  phase  of  TiO2 (indexed  as  (121)).  The  position  of  the 

diffraction peaks  remains  the  same after  the  addition of  dopants,  however  their  intensity 

varies. The lanthanide (Er or Eu) doping did not induce any phase change in the TiO 2 crystal 

structure or other impurity phases, and no noticeable shift in peak positions was observed, 

probably due to very low dopant concentration. Raman analysis was carried out to further 

explore  the  structural  properties  of  the  synthesized  materials  as  shown  in  Figure  2(b). 

Pristine TiO2 showed four main bands at 635.12 cm-1, 526.92 cm-1, 407.73 cm-1, 152.68 cm-1 

which can be assigned to Eg,  B1g,  A1g,  and asymmetric stretching modes, respectively.55 The 

variations in the intensities of the bands are due to different factors such as particle size, 

concentration,  oxygen  vacancies,  and  structural  defects.56 No  change  occurred  after  the 

doping and co-doping which suggests the successful incorporation of dopants and attests to 

the phase purity of TiO2 nanoparticles. The optical behavior of the prepared materials was 

analyzed from which it could be observed that the maximum absorption for pristine TiO2 

nanoparticles lies at 261 nm. Doping of Er and Eu into the TiO2 structure shifts the absorption 

to longer wavelengths of 273 nm and 284 nm, respectively. The absorption maxima for Er/Eu 

co-doped TiO2 nanoparticles shifted even further to a wavelength of 298 nm as displayed in 

Figure 2(c). The band gaps of pristine TiO2, Er-doped, Eu-doped, and Er/Eu co-doped TiO2 

nanoparticles, as estimated by Tauc plot, showed estimated band gap values of 3.21 eV, 3.13 



eV, 3.03 eV, and 2.91 eV, respectively (Figure 2(d)). Additionally, Er and Eu ions have a 

very strong binding affinity  to  oxygen atoms,  therefore,  these ions can scavenge oxygen 

atoms and create oxygen vacancies at the surface of TiO2, which results in the red shift in the 

absorption spectra.57-58 These oxygen vacancies have proven to be beneficial for the charge 

storage capacity of prepared materials. 

Figure 2. (a) PXRD patterns, (b) Raman spectra, (c) UV-Vis profiles, and (d) Tauc plots of 

pristine TiO2, Er-doped TiO2, Eu-doped TiO2, and Er/Eu co-doped TiO2 nanoparticles. 

Figure 3(a, b, c, d) displayed the surface morphology of the pristine, doped, and co-doped 

TiO2 materials,  analyzed by SEM, from which spherically  shaped particles  agglomerated 

together can be discerned.  No significant  change was observed in  the shape of  the  TiO2 

particles after doping or co-doping with Er and Eu, due to the small dopant concentrations. 

The elemental composition and purity were further investigated by energy dispersive X-ray 

(EDX) analysis as in Figure S1. Prominent signals for Ti, O, Er, and Eu, were observed in 

the spectra confirming that the materials are indeed composed of Er/Eu co-doped TiO2. TEM 

analysis was employed to examine more precisely the size and shape of the as-synthesized 

pristine, doped, and co-doped materials as presented in Figure 3(e, f, g, h). The TEM images 



also confirmed the formation of small spherically shaped nanoparticles having a diameter in 

the range of 10-15 nanometers, and that no significant change in morphology occurred after 

doping.  Additionally,  the  electrochemically  active  surface  area  has  been  calculated  to 

determine the active surface of the prepared Er/Eu co-doped TiO2 electrocatalyst. The ECSA 

for this electrocatalyst is found to be 2.023 cm−2. Likewise, the distribution of each element 

present  in  the  materials  was  confirmed  by  elemental  mapping  which  demonstrates  the 

homogeneous distribution of each element as depicted in the images in Figure 3(i).

Figure 3. (a, b, c, d) SEM images, (e, f, g, h) TEM images of pristine TiO2, Er-doped TiO2, 

Eu-doped TiO2, and Er/Eu co-doped TiO2 nanoparticles, (i) EDS mapping of the Er/Eu co-

doped TiO2 nanoparticles overlaid onto the images of each electrocatalyst material.

Electrochemical Investigations 

The optimization of Er/Eu co-doped TiO2 fabricated electrodes was carried out using CV in 2 

M LiOH,  2  M NaOH,  and  2  M KOH as  electrolyte  as  presented  in  Figure  S2(a).  The 

prominent redox peaks and maximum area under the CV curves were observed to be greatest 

in 2 M KOH electrolyte, demonstrating that KOH is the better potential electrolyte of the 

three,  from  the  point  of  view  of  the  signal  magnitudes,  for  further  investigations.  It  is 

important to mention that Li+, Na+, and K+ form hydrated ions in solution. Specifically, K+ 

forms a smaller hydrated ionic radius of 3.31 Å which offers a smaller solution resistance 

while  Li+ and  Na+ have  hydrated  ionic  radii  of  3.58  Å and 3.82  Å,  respectively.  These 

hydrated ionic radii have a significant influence on the electrochemical performance of the 



materials.59 Er/Eu co-doped TiO2 nanoparticles have shown the highest specific capacitance 

in KOH electrolyte compared to other fabricated electrodes and trial  electrolytes (NaOH, 

LiOH).

To compare the electrochemical performance of the fabricated electrodes and bare nickel 

foam, their specific capacitance was calculated using equation 1 by recording CV profiles at 

10 mV/s as shown in  Figure S2(b).60 The areas under the CV curve for pristine TiO2, Er 

doped TiO2, Er doped TiO2, and Er/Eu co-doped TiO2, are 0.00491, 0.00786, 0.01277, and 

0.01406 AV with corresponding Csp values of 613.75, 982.50, 1596.25 and 1757.50 F g-1, 

respectively.  To  further  investigate  the  effect  of  scan  rate,  CV curves  were  obtained  at 

various scan rates in the range of 10 to 100 mV s-1 as depicted in Figure 4(a, b, c, d). The 

prominent  redox  peaks  indicate  the  presence  of  faradaic  reactions  that  take  place  at  the 

electrode-electrolyte interface due to the reversible redox chemistry of Ti+4/Ti+3,61 and the 

consistent  behavior  of  the  curves  over  many  cycles  shows  the  excellent  stability  of  the 

fabricated  electrodes  as  well  as  fast  transportation  of  the  electrons  and  ions,62 and 

demonstrates the battery-type nature of the materials.63 A slight shift in the position of the 

redox peaks was observed which indicates  the reversibility  and enhanced stability  of  the 

electrode’s materials. A plausible mechanism that represents redox reaction is presented by 

equation 8.   

TiO2 + xK+ + xe-⇔ K x TiO2   (8)



Figure 4. CV profiles of (a) pristine TiO2, (b) Er-doped TiO2, (c) Eu-doped TiO2, and (d) 

Er/Eu co-doped TiO2 nanoparticles in 2 M KOH electrolyte.

It is important to note that the charge stored in the electrode is a combination of diffusion-

controlled and capacitive  phenomena.  Therefore,  the  identification of  both  processes and 

their individual contributions is essential to the overall capacity of the electrode materials. At 

a fixed potential, the relation between the current (i) and scan rate (v) can be represented by a 

power law equation 9.64

i = a vb                  (9)

with the value of b being determined from the slope of log(i) vs. log(ν) and which can be used 

to define the charge storage process. For a value of b of 1 or close to it, the charge storage is 

capacitive in nature, due to surface adsorption/desorption of the electrolyte ions while a value 

of  b  of  0.5  or  below indicates  diffusion-controlled  faradaic  processes.  The  b  values  for 

pristine, Er-doped, Eu-doped and Er/Eu co-doped TiO2 materials are 0.32, 0.20, 0.18 and 0.17 

respectively which indicates  that  charge storage in these materials  is  primarily  diffusion-

controlled in nature as shown in Figure S3.



Furthermore, the quantitative contribution from both the surface and diffusion capacitances of 

Eu-doped TiO2 as well as Er/Eu co-doped TiO2 materials were calculated by Dunn’s method 

using equation 10.65  

i (V ) = k1 υ + k2 υ
1
2                                 (10)

with k1v and k2v1/2  indicating the surface and diffusion capacities of the materials. Values of 

k1 and k2  were determined from the slope and intercept of the line that result from a plot of  

i(V)/υ½ vs υ½ at a fixed potential with different currents from the CV as shown in Figure 5(a, 

d). The diffusion-controlled (green region) and capacitive (red) charge storage contributions 

were determined at 10 mV s-1 from the CV profiles for Eu-doped TiO2 and Er/Eu co-doped 

TiO2 materials,  which were 83% and 86% for diffusion processes and 17% and 14% for 

capacitive processes,  respectively,  as  shown in  Figure 5(b,  e).  Moreover,  the percentage 

contribution of surface and diffusion capacities of the materials at varying scan rates were 

also represented by the bar plots, see Figure 5(c, f). The bar plot shows that at a lower scan 

rate,  the  diffusion  contribution  is  higher  than  that  of  the  surface  in  each  material.  This 

suggests that at  lower scan rates the ions have sufficient time to permeate into the inner 

regions  of  the  electrode.  For  Eu-doped  TiO2 nanoparticles  the  diffusion  capacitance 

contributes 83% and the surface 17%, while for Er/Eu co-doped TiO2 86% is derived from 

diffusion and 14% from the surface. The quantitative investigations of surface and diffusion 

capacitance for pristine TiO2 and Er-doped TiO2 nanoparticles are presented in Figure S4.



Figure 5. A quantitative analysis of the relative contributions from the surface and diffusion 

capacitance for Eu-doped TiO2, and Er/Eu co-doped TiO2 nanoparticles. (a, d) plots of (i/v1/2) 

vs (v1/2) to calculate the values of k1 and k2, (b, e) contribution from diffusion and capacitive 

currents to the charge storage at 10 mV s-1, (c, f) plots of the ratios of capacitive to diffusion 

contribution at different scan rates. 

Galvanostatic charge-discharge (GCD) curves were conducted for the fabricated electrodes, 

which demonstrate a non-linear profile which is typical  of battery-type behavior,  and are 

displayed in Figure 6(a, b, c, d). The Csp values evaluated for pristine, Er-doped, Eu-doped, 

and Er/Eu co-doped TiO2 nanoparticles are 575 F g-1, 910 F g-1, 1215 F g-1, and 1772 F g-1 at 1 

A g-1, respectively. The high specific capacitance of Er/Eu co-doped TiO2 compared to other 

materials  is  due  to  the  facile  transportation  of  the  charges  at  the  electrode-electrolyte 

interface. This fast charge transport arises due to the co-doping of the Er and Eu metals that  

create a large number of defects and oxygen vacancies and therefore increase the number of 

active  sites  that  are  responsible  for  the  high  performance  of  the  material.  The  electrode 

materials demonstrate very high Csp values even at elevated current densities, presented in 

Table 1,  which makes them promising materials for supercapacitor applications. In these 

studies, different potential windows were employed in the CV and GCD investigations in 

order to avoid water splitting during the charging phenomenon.



Figure 6. GCD profiles of (a) pristine TiO2, (b) Er-doped TiO2, (c) Eu-doped TiO2, and (d) 

Er/Eu co-doped TiO2 nanoparticles 

Table 1. Specific capacitance (F g-1) for all four electrodes at different current densities.

Current density (A g-1) 1 2 3 5 7 10

TiO2 575 410 315 282 252 235

Er-doped TiO2 910 775 615 460 382 370

Eu-doped TiO2 1215 1020 960 938 893 826

Er/Eu-co-doped TiO2 1773 1100 908 795 739 654

The Ragone plot  in  Figure 7(a) represents  the relation of  energy densities  to  the power 

density for all the electrodes at different current densities. It is clear from the plot that at  

lower current densities the energy density of Er/Eu co-doped TiO2 is much higher than any of 

the synthesized materials. 

To study the charge transfer dynamic of the fabricated electrodes, electrochemical impedance 

spectroscopy (EIS) was performed at open circuit potential (OCP). The Nyquist plots show a 

small  semicircle  in  the  low  frequency  region  with  steep  linear  behaviour  in  the  higher 



frequency region as depicted in Figure 7(b). Er and Eu co-doped TiO2 possess an extremely 

small charge transfer resistance (Rct) compared to the other materials which suggest rapid 

transportation of electrons and ions at the interface of the electrode. The Rct values calculated 

for the pristine, Er-doped, Eu-doped and Er/Eu co-doped oxides are 376.1 Ω, 120.4 Ω, 83.6 

Ω, and 12.37 Ω, however, the solution resistance (Rs) values are 1.120 Ω, 1.097 Ω, 1.091 Ω, 

and 0.901 Ω, respectively. The Rs is  a combination of contributions from the electrolyte, 

internal, and contact resistances and can be evaluated from the intercept of the EIS profile 

with the X-axis. A decrease in the Rct value for Er/Eu co-doped TiO2 was observed which can 

be attributed to the higher conductivity of the material after co-doping by the transition metal 

ions. A constant phase element (CPE) with diffusion has been introduced as a component for 

the equivalent circuit model fitting which is presented as an inset within Figure 7(b). A CPE 

was  selected  to  represent  various  factors  within  the  system  such  as 

intercalation/deintercalation, active diffusion, the uneven nature of the interface, relaxation 

times, and most importantly the porosity of the fabricated electrode.66 The Bode plots also 

display the superlative capacitive behavior of the materials, as can be seen from Figure S5.

Figure 7. (a) Ragone plot and (b) EIS of all the electrode

Electrochemical Investigation of Asymmetric Device

An asymmetric supercapacitor (ASC) device was assembled by using the best performing 

material, Er/Eu co-doped TiO2, as the cathode and activated carbon (AC) as the anode to 

combine the distinct advantages offered by the two different types of electrode materials. The 

Er/Eu co-doped TiO2 electrode undergoes reversible faradaic reactions which contribute to 

higher  energy  storage  through  redox  processes,  while  AC  operates  through  electrostatic 

charge accumulation, ensuring high power output and long cycle life. Thus, an asymmetric 



configuration  provides  a  balanced  trade-off  between  energy  density  and  power  density, 

overcoming  the  limitations  of  conventional  symmetric  supercapacitors  which  are  often 

constrained by their narrow potential windows and lower energy densities. 

Due to the significantly lower specific capacitance of AC, it cannot store charge equal to  

Er/Eu  co-doped  TiO2 and  the  mass  of  the  active  materials  at  the  negative  and  positive 

electrodes  must  be  balanced  to  obtain  maximum  efficiency.  The  mass  balancing  was 

accomplished by using the formula given in equation 11.

m+

m-

=
C - Δ V -

C+ Δ V +

 (11)

3 mg Er/Eu co-doped TiO2 and 10.6 mg of AC were deposited on a 1.5 cm × 1.5 cm nickel 

foam substrate separately which were subsequently employed as the positive and the negative 

electrode, respectively. The CV profiles of the device were recorded in a potential window of 

0 to +1.6 V at a scan rate of 10 to 100 mV s-1 in 2 M KOH electrolyte in Figure 8(a). The 

GCD curves of the device are triangular in shape which indicates the superior reversibility of 

the device (see Figure 8(b)). The Csp values evaluated for devices are 135, 116.25, 110.62, 

78.75, and 51.87 F g-1 at 2, 3, 5, 7, and 10 A g-1, respectively. The energy and power densities 

of the device were calculated from the Ragone plot as displayed in Figure 8(c). The Er/Eu 

co-doped TiO2 exhibits the maximum energy density of 48 Wh kg-1 at a power density of 1.6 

kW kg-1 when measured at 2 A g-1. The charge storage capacity and excellent reversibility of 

the  asymmetric  device  was  estimated  through  the  capacity  retention  and  coulombic 

efficiency.67-68 The device was subjected to prolonged coulombic cycling and it was found 

that  the  device  was  very  stable  with  a  capacitance  retention  of  95.4%  and  coulombic 

efficiency of 98.68 % after 6000 cycles as shown in Figure 8(d). 

Nyquist plots were used to evaluate Rct and Rs of the fabricated device by applying the fitting 

model circuit, see inset of  Figure 8(e). A suppressed arc has been observed in the higher 

frequency region, which can be due to polarization of the device, with a straight line at higher  

frequency that was less than a 90° angle to the real axis because of the mass transfer effect 

and represents the Warburg impedance. Nyquist plots were conducted in the frequency range 

of 0.1 Hz to 100 kHz at the highest operating voltage of 1.6 V. The Rct and Rs values are 

8.394 Ω and 1.066 Ω as calculated  using a  CPE with diffusion model.  Furthermore,  the 

asymmetric device was first charged to a potential of 1.6 V, the power turned off and the 

OCP as a function of time assessed, see Figure 8(f). The self-discharge curve showed a sharp 



discharge rate until a value of 0.8 V was reached after which the potential remains relatively  

constant. 

Figure 8. Electrochemical study of asymmetric supercapacitor.  (a) CV curves at  varying 

scan rates (b) GCD profiles at different current densities (c) Ragone plot (d) Cyclic stability 

(e) EIS profile with model fitting, and (f) Self-discharge test.

Electrochemical OER Investigations 

To determine the potential at which the OER reaction occurs as well as the overpotential the 

as-synthesized  materials  were  evaluated  by  linear  sweep  voltammetry  (LSV).69 All 

measurements were carried out at a constant scan rate of 5 mV s-1 in 1 M KOH solution. The 

iR uncompensated LSV curves of TiO2, Er-doped TiO2, Eu-doped TiO2 and Er/Eu co-doped 

TiO2 materials  are  displayed  in  Figure  9(a).  Generally,  researchers  have  reported  OER 

potential at a current density of 10 mA cm-2 while reason for reporting the OER potential at 

20 mA cm ² is due to the presence of redox peaks in a similar potential region. The values⁻  

calculated for the OER onset potential for pristine TiO2, Er-doped TiO2, Eu-doped TiO2, and 

Er/Eu co-doped TiO2 materials in this study are 1.58, 1.53, 1.50 and 1.48 V respectively and 

the calculated overpotential (η) values were 470, 430, 400 and 330 mV, respectively. The 

Er/Eu  co-doping  in  TiO2 creates  structural  defects  which  ultimately  supports  the  rapid 

transfer  of  electrons  and boosts  the  electrochemical  water  splitting of  the  materials.  The 

electrolysis of water has been carried out in the solution phase which always possesses Rs and 

which can be evaluated from the Nyquist plots obtained by EIS.70 EIS was conducted at OCP 

to obtain Nyquist plots which are presented in Figure 9(b). The values of Rs calculated for 

pristine TiO2, Er-doped TiO2, Eu-doped, and Er/Eu co-doped TiO2 materials are 2.923, 2.712, 



2.291, and 1.851 Ω, respectively. The obtained Rs values were then used to obtain a 100% iR 

potential drop.71     

Moreover, the 100% iR corrected LSV profiles of pristine TiO2,  Er-doped TiO2, Eu-doped 

TiO2 and Er/Eu co-doped TiO2 show lower values for the onset potential compared to the iR 

uncompensated  values  as  presented  in  Figure  9(c).  The  calculated  onset  potentials  for 

pristine TiO2,  Er-doped TiO2, Eu-doped TiO2, and Er/Eu co-doped TiO2 are 1.58, 1.52, 1.49 

and 1.47 V respectively. On the other hand, overpotential values estimated for pristine TiO 2, 

Er-doped TiO2, Eu-doped TiO2, and Er/Eu co-doped TiO2 were 460, 400, 380 and 290 mV at 

20 mA cm-2. 

Another important aspect that determines the performance of catalysts with respect to the 

OER electrolysis are the kinetic parameters.72 To determine the kinetic parameters of the 

electrocatalysts, Tafel analysis was employed and the Tafel slopes calculated were 166.11, 

164.71, 139.08 and 115.19 mV dec-1 for  pristine TiO2, Er-doped TiO2,  Eu-doped TiO2 and 

Er/Eu  co-doped  TiO2,  respectively  (see  Figure  9(d)).  The  Er/Eu  co-doped  TiO2  catalyst 

demonstrates a lower Tafel slope value which suggests the presence of facile kinetics for this  

potential  catalyst.  Together,  the  electrochemical  investigations as  well  as  the  Tafel  slope 

value for Er/Eu co-doped TiO2  indicate that it is the most efficient electrocatalyst among all 

the  materials  reported  here.  Additionally, the  TOF was  calculated  at  an  overpotential  of 

350 mV the values of which were found to be 0.69, 3.97, 4.01 and 13.76 for pristine TiO2, Er-

doped  TiO2,  Eu-doped TiO2 and  Er/Eu  co-doped  TiO2,  respectively.  The  electrochemical 

durability of the electrocatalyst is an important performance parameter and has been tested 

for the Eu-doped, and Er/Eu co-doped TiO2 catalysts at a fixed potential of 1.65 V (vs. RHE), 

with the potential curve presented in  Figure 9(e), where it can be seen that both materials 

demonstrate excellent stability. The stable current density of 50 and 45 mA/cm2 for Eu-doped 

TiO2 and Er/Eu co-doped TiO2 catalysts respectively over a 20 hour period demonstrated that 

the reported catalysts are indeed stable for practical water electrolysis.    

https://www.sciencedirect.com/topics/chemistry/turnover-frequency


Figure 9. (a) Uncompensated LSV profiles, (b) EIS, (c) iR compensated LSV profiles, (d) 

Tafel  plot  with values of  the slopes,  (e)  control  potential  analysis  of  Eu-doped TiO2 and 

Er/Eu co-doped TiO2 electrocatalysts for OER.   

Conclusion.

Pristine  TiO2,  Er-doped,  Eu-doped,  and  Er/Eu  co-doped  TiO2 nanoparticles  have  been 

synthesized using simple solution chemistry. Among all the fabricated electrodes, Er/Eu co-

doped TiO2 showed the highest specific capacitance of 1772.5 F g ¹ at 1 A g ¹ and low R⁻ ⁻ ct of 

12.37  Ω,  highlighting  an  enhanced  electrical  conductivity  and  rapid  ion  and  electron 

transport. The Er/Eu co-doped TiO  was further explored as a material for supercapacitor₂  

applications in an asymmetric device and was found to possess a wide potential window of 

1.6 V, specific capacitance of 135 F g ¹ at 2 A g ¹, an energy density of 48 Wh kg ¹, and a⁻ ⁻ ⁻  

power density of 1.6 kW kg ¹. Additionally, the pristine TiO⁻ 2, Er-doped, Eu-doped and Er/Eu 

co-doped TiO  materials exhibited an excellent oxygen evolution reaction performance, with₂  

onset potentials of 1.57, 1.52, 1.49 and 1.47 V, and low overpotentials of 460, 400, 380 and 

290  mV  at  20  mA  cm ².  The  outstanding  feature  of  this  work  is  the  remarkable⁻  

electrochemical stability of the electrocatalysts when tested for a period of 20 hours using 

constant potential electrolysis. Tafel plot slopes of 166.11, 164.71, 139.08 and 115.19 mV 

dec-1,  suggest  that  all  these  electrocatalysts  are  cutting-edge materials  for  OER research. 

These results demonstrate that Er/Eu co-doped TiO2 is a promising electrode material for 

supercapacitors.  Additionally,  these  catalysts,  which  do  not  use  precious  metals,  offer 

significant insights into the development of new materials for water splitting.
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