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A B S T R A C T   

Fe was added to bismuth oxychloride (BiOCl) to improve its oxygen evolution reaction(OER) 
catalytic activity. X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), 
EDS, and X-ray photoelectron spectroscopy (XPS) were used to analyze the material that was 
produced. Many electrochemical techniques, including linear sweep voltammetry (LSV), Mott 
Schottky, and electrochemical impedance spectroscopy (EIS), were used to conduct the electro
chemical studies of Fe doped BiOCl. Fe doped BiOCl exhibited enhanced catalytic performance 
compared to pristine BiOCl. The best performance was observed for 0.75 M Fe doped BiOCl 
sample. It recorded lowest overpotential of 354 mV @ 10 mA cm− 2 and Tafel slope of 167 mV 
dec− 1. The synergistic effect of Fe doping from structural, chemical and catalytic perspective has 
been analyzed and presented.   

1. Introduction 

Rise in demand for clean energy, as well as climate change, calls for highly efficient electrochemical energy conversion and storage 
technologies. Renewable energy is abundant and easily accessible but it tends to be intermittent and unreliable. Total reliance on 
renewable energy for all our energy demands would seem impossible unless we can harness copious amounts of energy when available 
and store it for usage during downtime [1,2]. One way is to use the renewable energy to split water into hydrogen and oxygen and store 
it. The stored hydrogen is oxidized in fuel cells to release energy. This overall process from harvesting renewable energy to burning 
hydrogen in fuel cells is carbon neutral and extremely clean, which does not take its toll on environment [3,4]. 

Under basic conditions, the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) proceed according to the 
equations (1) and (2) given below. 

Basic HER : 4H2O+ 4e− → 2H2+4OH− (1)  

Basic OER : 4OH− → O2+2H2O+ 4e− (2) 

OER takes place because of a mechanism that involves the transfer of four electrons. This process slows down the kinetics, which is 
the primary reason for the reduced efficiency [5]. Precious metal oxides, such as those based on ruthenium and iridium, are ideal OER 

* Corresponding author. Department of Electronics Engineering, Chonnam National University, Gwangju, 61186, South Korea. 
E-mail address: tji@chonnam.ac.kr (T. Ji).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e20811 
Received 8 May 2023; Received in revised form 19 September 2023; Accepted 6 October 2023   

mailto:tji@chonnam.ac.kr
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e20811
https://doi.org/10.1016/j.heliyon.2023.e20811
https://doi.org/10.1016/j.heliyon.2023.e20811
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e20811

2

electrocatalysts because of their ability to lower the thermodynamic barrier [6]. The limited availability and expensive cost of these 
catalysts, on the other hand, prevents their widespread use. Transition metal oxides, sulfides, selenides, phosphides, and nitrides have 
emerged as potential candidates as non-noble metal electrocatalysts for electrolysis of water [7–10]. 

The p-block element-based oxides make up a special kind of catalysts. These materials have suitable bandgap and oxidation states 
that make them excellent electrode material for photocatalysis [11,12]. Bi2O3 stands out among them as most suitable choice for usage 
on a broad scale. This is mostly due to its abundant reserves, low cost and low toxicity compared to other p-block oxides [13,14]. It has 
been widely reported as an excellent material for H2 generation, CO2 reduction and dye degradation. The OER reactivity of bismuth 
oxide is moderate. Therefore, it has not gained prominence. Fast electron transport and oxygen atom exchange at the heterogeneous 
electrode surface often underpin the electrocatalytic OER. Bi2O3’s semi-metallic composition restricts such charge transfer, which in 
turn reduces the electrocatalytic OER efficacy [15]. The rationale for improving performance would be to overcome the aforemen
tioned challenges. Bismuth oxychloride (BiOCl) is a significant ternary photocatalytic compound. The presence of oxygen vacancies in 
BiOCl is associated with significant activation of oxygen molecules, as well as enhanced performance in water splitting and CO2 
reduction processes. An appropriate quantity of oxygen vacancies does, in fact, play a favorable effect in the OER activity of transition 
metal oxides by dramatically altering bulk (such as energy level, conductivity) and surface (such as molecular adsorption) charac
teristics of materials [6]. There have been few studies on the electrocatalytic performance and investigation of BiOCl, and even fewer 
on OER activity. Xu et al. showcases the successful synthesis of ultrathin nanosheets composed of bismuth (Bi NSs) that exhibit active 
nitrogen reduction reaction (NRR) capabilities. This synthesis was achieved by an in situ electrochemical reduction-assisted exfoliation 
technique, employing bismuth oxychloride nanoplates (BiOCl NPs) as the precursor material. The material demonstrates effective 
electrocatalytic activity for NRR in a 0.1 M Na2SO4 solution, resulting in a substantial faradaic efficiency of 14.14 % and NH3 yield of 
(11.11 μg h− 1 mgcat.− 1) at − 0.5 V (vs. R.H.E) and a notable NH3 selectivity [16]. Shao et al. conducted a hydrothermal process followed 
by carbonization and etching conversion procedures to build heterostructures of N-doped and carbon encapsulated BiOCl-CNTs. The 
enhanced catalyst exhibits a significantly elevated half-wave potential (E1/2) of 0.85 V (against reversible hydrogen electrode), a 
substantial limiting current density of − 5.34 mA cm-2 at 0.6 V in an alkaline environment, and nearly perfect 4e-reduction capa
bilities, surpassing those of traditional Pt/C catalysts [17]. Thirumalraj et al. used a green synthesis approach to create a hetero
junction composite of BiOCl/BiVO4@GO and used its superior electrocatalytic activity for Promethazine hydrochloride (PMZ) 
detection and real-time analysis of PMZ in urine samples [18]. Miao Lv et al. report the fabrication of BiOCl/sulfonated graphene 
composite microspheres through hydrothermal method and employed plasma modification for creating adequate oxygen vacancies for 
efficient OER. The overpotential of the OER exhibited a reduction from 766 mV to 496 mV, while the Tafel slope experienced a 
decrease from 162 mV dec− 1 to 52 mV dec− 1 [19]. 

In this study, a novel and effective catalyst for the oxygen evolution reaction (OER) was synthesized and characterized. The 
catalyst, Bismuth oxychloride (BiOCl), was found to exhibit great efficiency despite not containing any noble metals. Fe was added to it 
to increase the catalytic activity of OER [20,21]. The material synthesized was characterized by X-ray diffraction (XRD), field emission 
scanning electron microscopy (FE-SEM), EDS and, X-ray photoelectron spectroscopy (XPS). Several electrochemical techniques, 
including linear sweep voltammetry (LSV), Mott Schottky, and electrochemical impedance spectroscopy (EIS), were used to conduct 
the electrochemical studies of Fe doped BiOCl. 

2. Experimental 

2.1. Materials 

Bismuth (III) Chloride (BiCl3, Sigma Aldrich), Ferrous Chloride tetrahydrate (FeCl2⋅4H2O, Sigma Aldrich), were used as precursors. 
1 M KOH solution was used to adjust the pH of the solution. 

2.2. Synthesis of BiOCl and Fe doped BiOCl 

Bismuth (III) Chloride (BiCl3) 1 M was dissolved in a 75 ml deionized water (DI) under constant stirring. The solution was sealed in 
an autoclave after being transferred to a 100 ml Teflon liner. The autoclave was heated in an oven for 12 h at 200 ͦ C before being 
allowed to cool naturally. The powder was retrieved and washed three times with ethanol and deionized water. BiOCl powder was 
dried by heating it at 80 ͦ C overnight in a vacuum oven. The sample was later air annealed at 650 ◦C for 2 h. Fe doped BiOCl samples 
were prepared with the same procedure as BiOCl. 0.5, 0.75 and 1 M FeCl2 was added to the bismuth precursor solution to get Fe doped 
BiOCl samples. 

The electrodes were fabricated using slurry cast method on to Ni foam (1˟1 cm). The as prepared powders (100 mg) were mixed 
with PVDF, Carbon black and Nafion solution to make a slurry. The slurry was painted on to the Ni foam and dried at 180 ◦C to remove 
all the Nafion. The electrodes prepared will henceforth be denoted as ‘xFe-BiOCl’, where x stands for the Fe precursor’s molar 
concentration. 

2.3. Characterization of materials 

For XRD measurement, the sample powder precipitate was gathered. The Bruker AXS D8 Advance Model was used to perform the X- 
ray diffraction analysis (XRD) utilizing copper radiation (K with = 1.54 Å). At a scanning rate of 4◦/s, the XRD spectra were captured 
for 2θ values ranging from 10◦ to 90◦. The surface morphology was examined using a field emission scanning electron microscope (FE 
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SEM, Model: JSM 6700F, Japan). VG Multilab 2000 was used to conduct X-ray photoelectron spectroscopy in order to ascertain the 
chemical composition of the surface. The Gaussian distribution approach was used to fit the XPS data. 

2.4. Electrochemical measurements 

Wonatech WBCS3000S and Zive SP1 were used to perform the electrochemical characterization. A three-electrode setup with Pt 
acting as the counter electrode in a 1 M aqueous electrolyte solution of KOH, saturated calomel electrode (SCE) as the reference 
electrode, and the electrodes as fabricated as the working electrodes was used to perform all electrochemical experiments. The LSV was 
performed at 1 mV s− 1 scan rate in the potentials between of +0.0 V to +1.0 V versus SCE in 1 M KOH electrolyte. Using the Nernst 
equation (3), measured potential values were translated from the SCE scale to the reversible hydrogen electrode (RHE) scale: 

ERHE =ESCE + 0.059 pH + E◦

SCE (3)  

where, ESCE is potential versus SCE electrode, and E◦

SCE is standard redox potential of SCE at 298 K (0.244 V ± 0.001 V), and ERHE is the 
converted potential versus RHE. The LSV curve at the given current density j (mA cm− 2) was used to compute the electrocatalytic 
efficiency in terms of overpotential (η) according to equation (4): 

ηj(V)=ERHE(V) − 1.23 V (4) 

Electrochemical impedance spectroscopy (EIS) provides great insights in the electrochemical behavior of the material. The EIS 
measurements were done at different bias potentials with alternating current (ac) perturbation of 5 mV, and within frequency range 
100 KHz − 100 mHz. 

3. Results and discussion 

3.1. Synthesis and characterization 

Fig. 1 shows the X ray diffraction pattern of the samples. BiOCl sample matched perfectly with the COD 96-900-9163. The 
diffraction peaks (2θ) of BiOCl at 11.95◦, 24.08◦, 25.8◦, 32.44◦, and 33.40◦ were indexed to the (001), (002), (101), (110), and (102) 
crystal facets of reference pattern (COD 96-900-9163). The tetragonal phase of BiOCl with space group P 4/n m has lattice constants a 
= 3.890 Å, c = 7.369 Å. The XRD patterns of Fe doped samples show great deviation from the tetragonal phase and are matched with 
monoclinic BiOCl (COD 96-810-4381) with lattice constants a = 29.4400 Å, b = 3.9690, and c = 9.9950 Å. The 0.5Fe–BiOCl, 
0.75Fe–BiOCl, and 1Fe–BiOCl clearly show transition from tetragonal to monoclinic phase with none of the peaks matching with iron 
oxide. It is well known that the radii of the Bi3+ ion is 1.03, whereas the radii of the Fe3+ ion is 0.79. This fact may play a role in the 
replacement of the larger Bi3+ ions with the more manageable Fe3+ ions, and the Fe3+ ion may be integrated into the crystal lattice of 
the BiOCl compound. The XRD patterns matched to their respective reference patterns are shown in supplementary information (SI) 

Fig. 1. XRD pattern of the as prepared samples showing transition from tetragonal to monoclinic crystal structure.  
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Fig. S1. 
FE-SEM was used to assess the morphologies of as prepared samples. The BiOCl particles are rod shaped and similar in size as 

noticed in Fig. 2 (a). The shape of the Fe–BiOCl particles changes dramatically with incorporation of iron which results in complete 
collapse of the structure. Fig. 2 (b) shows fused plate like particles for 0.5Fe–BiOCl sample. Higher level of aggregation and fusion of 
the particles is observed for 0.75Fe–BiOCl as seen in Fig. 2 (c). 

Interestingly for 1Fe–BiOCl, as observed in Fig. 2 (d), the particle size reduces significantly leading to granular morphology. Iron is 
believed to play a role in directing the crystal growth, resulting in the formation of the unique morphology. From the Fig. 2, this effect 
is clearly visible. 

XPS analysis was done to study the valence states and presence of elements. Fig. 3 (a) shows the peaks of Bi 4f7/2 and Bi 4f5/2 for 
BiOCl are located at 159.53 and 164.84 eV. The spin orbital doublet splitting of 5.31 eV is observed, which indicates and confirms the 
presence of Bi3+ [22]. The Bi 4f shifts towards lower binding energy for Fe–BiOCl samples indicating increase in the electron density 
around Bi due to addition of Fe. The similar shift has been observed in case of O 1s and Cl, 2p Fig. 3(c), XPS spectra. The O 1s spectra of 
the BiOCl fitting resolved into two peaks in Fig. 3 (b) are centered at 530.22 eV and a smaller peak at 531.74 eV. However, the 
Fe–BiOCl samples, O 1s spectra resolves into three peaks at approximately 529, 531, and 532 eV. The peak at 529 eV is assigned to 
surface lattice oxygen; the remaining peaks at 531 and 532 eV represent the oxygen vacancies and surface OH group, respectively [22, 
23]. The shift in the oxygen 1s peak has been attributed to the presence of oxygen vacancies or to the oxidation of the catalyst surface, 
which can enhance the activity of the catalyst towards OER. Fe 2p spectra for the Fe–BiOCl samples reveals presence of mixed state. Fe 
spectra shows a gradual shift towards higher binding energy with increase in Fe content [24]. The Fig. 4(a–d) shows the comparative 
spectra of Bi 4f, Fe 2p, O 1s, and Cl 2p, respectively. The fitted XPS Bi 4f, O 1s, Fe 2p and Cl 2p spectra of individual Fe doped samples 
are shown in SI Figs. S2-S4. 

Figure S5-S8 in the SI section shows the EDX spectra of the samples. The EDX spectra confirms the presence of all the elements. 
Tables in figure S5-S8 show the detailed compositional analysis. As the precursor amount increases, the Fe content gradually rises in at 
%. 

3.2. Electrochemical properties 

The OER electrocatalytic activity of the as prepared samples was measured in 1 M KOH solution. The overpotential of the afore
mentioned systems was quantified by calculating the disparity between the thermodynamic potential of water oxidation (E0OH− /O2) 
and the potential at which a current density of 10 mA cm− 2 is attained for each of the examined samples. Fig. 5 (a) shows the LSV 
curves of the samples measured at 1 mV s− 1. The overpotential of the samples were calculated and depicted in Fig. 5 (b). BiOCl shows 
overpotential of 422 mV while after Fe doping the overpotential increases slightly before achieving its lowest value for 0.75Fe–BiOCl 
and again exhibiting rising trend. 0.5Fe–BiOCl, 0.75Fe–BiOCl and 1Fe–BiOCl recorded overpotential of 464, 354, and 390 mV, 
respectively. The distorted crystal structure and suitable amount of oxygen vacancies play a vital role in the OER activity. Fe doped 
samples show deviation from the original tetragonal crystal structure of BiOCl. The transition from tetragonal to monoclinic alters the 
bond lengths and bond strength. Fe doping changes the surface chemistry and introduces oxygen vacancies, which in this case en
hances the catalyst’s OER activity. This point is clearly perceivable from the XPS analysis. The direction of the shift (i.e., towards lower 

Fig. 2. SEM images of (a) BiOCl, (b) 0.5Fe–BiOCl, (c) 0.75Fe–BiOCl, and (d) 1Fe–BiOCl, respectively.  
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or higher binding energy levels) can provide some information about the change. In our case, the shift towards lower binding energy 
levels (higher energy) may indicate an increase in the electron density of the material being analyzed. This effect is observed after 
introducing Fe into the system, which is responsible for generating oxygen vacancies and defect in the host material. The amount of Fe 
incorporated into the system also has significant effect on the electrochemical performance. 

Tafel curves in Fig. 5 (c) shows the trend of logarithmic current density against the applied overpotential. Tafel curve is good 
indicator of the electron transfer kinetics. The pristine BiOCl sample has a high Tafel slope value 390 mV dec− 1, which indicates the 
sluggish charge kinetics. However, with Fe introduction, the Tafel values improve considerably and 0.75Fe–BiOCl exhibits the lowest 
value 167 mV dec− 1 amongst all the samples. In the case of 1Fe–BiOCl, the Tafel slope once again goes up, showing that the appropriate 
quantity of Fe concentration is necessary in order to achieve the adequate conductivity and boost the electron transfer kinetics. 

Mott Schottky (MS) analysis provides a greater insight into the nature of the semiconductor, charge carrier density and the flatband 
potential Efb. The charge carrier density, ND, is calculated using equation (5). 

ND =
2

εε◦ e◦

dE
d1
C2

(5)  

where C is the space charge capacitance, ε and ε0 are the permittivity of the electrode and free space, respectively, e0 is the elementary 
charge, and E is the applied potential. The flat band potential, Efb, is represented by the x intercept of the linear component of the MS 
plot. The electrode is more positively charged compared to the reference electrode when the flatband potential is higher, which implies 
less energy is needed to drive the OER reaction [25–28]. This may lead to a smaller OER overpotential and therefore more effective 

Fig. 3. XPS spectra of BiOCl sample Bi 4f (a), O (b), and Cl (c), respectively.  

Fig. 4. Comparative XPS spectra of all samples Bi 4f (a), Fe (b), O (c), and Cl (d) respectively.  
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OER process. Fig. 6(a–d) shows the Mott-Schottky plot for BiOCl, 0.5Fe–BiOCl, 0.75Fe–BiOCl, and 1Fe–BiOCl, respectively and the x 
intercept denotes the flatband potential. From the graph the Efb values, for samples BiOCl, 0.5Fe–BiOCl, 0.75Fe–BiOCl, and 1Fe–BiOCl 
were found to be 0.268, 0.28, 0.46, and 0.38 V, respectively. The higher Efb for 0.75Fe–BiOCl correlates with the lower OER over
potential and is in agreement with the behavior of other samples. This proves that the flatband potential is an important metric. It may 
give some insights into the electrochemical performance. 

The stability of the Fe doped samples were tested at different (10, 25, 50, 75, and 100 mAcm− 2) current densities and are shown in 
Fig. 7 (a), (b), and(c). 0.75Fe–BiOCl sample shows the most stable performance of all. The samples were also subjected to 6 h stability 
study at fixed 25 mAcm− 2 current density. The sample 0.5Fe–BiOCl showed a less stable performance at higher overpotential. The 
performance decreased by 14.28 % at the end of 6 h 0.75Fe–BiOCl sample showed 7 % decrease while the 1Fe–BiOCl showed only 2 % 
decrease. However, the 0.75Fe–BiOCl performance was delivered at lower overpotential as compared to 1Fe–BiOCl. Stable catalytic 
activity of the sample demonstrates its viability as an excellent electrocatalyst. 

The Nyquist plot of the samples measured at two different bias potentials 0 V and 600 mV vs SCE are shown in Fig. 8 (a) and (b), 
respectively. The inset in Fig. 8 (a) shows the magnified image of the highlighted section. The inset picture clearly shows the series 
resistance and charge transfer resistance semicircle in high frequency region. Fitting of the experimental data is carried out using 
ZView EIS data analysis software and the fitted values for data in Fig. 8 (b) are shown in Table 1. Fig. 8 (b) also shows the equivalent 
circuit diagram. The Rs block denotes the series resistance while the two parallel block consisting of the R and Q elements represent the 
two curves observed in the Nyquist plot. 

The two semicircles that are observed for all the samples signify the charge transfer and mass diffusion. A perfect semicircle in the 
low frequency range is indicative of the high double layer capacitance and efficient ion adsorption. The form of the semicircle is 
slightly distorted in our case, and this is true for all of the samples; this indicates restriction on the mass transfer of reactants and 
products. The values obtained from fitting the curve are in perfect agreement with other data. The sample 0.75 Fe–BiOCl shows lower 
Rs and lower charge transfer resistance (R1) than other samples. This indicates that the overpotential is effectively lowered due to 
lower transfer resistance. 

4. Conclusion 

BiOCl is an excellent photo electrode for water splitting but its performance, as an electrocatalyst for OER is moderate at best. In 
this work, we attempted to enhance the electrocatalytic performance of the host material by use of a dopant. The addition of Fe into 
BiOCl has a positive impact on the electrocatalytic performance. Fe doping into BiOCl resulted into transition of its crystal structure 
there by resulting into a large distorted structure. This fact was also confirmed with the help of XPS, where in the elements of the host 
material showed decreased electronegativity and increase in electron density while Fe exhibited the opposite trend. Doping also 
resulted in the higher flatband potential. The overpotential for the doped material consequently reached to its lowest value of 354 mV 
with Tafel slope of 167 mV dec− 1. The analysis of the material has prompted towards a specific trend, which can be useful while 
designing future OER materials. Further research is needed to completely understand the factors and their role in OER material design 
and synthesis. 
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Fig. 6. Mott Schottky plot BiOCl (a), 0.5Fe–BiOCl (b), 0.75Fe–BiOCl (c), and 1Fe–BiOCl (d) and flatband potential determination.  

Fig. 7. Stability graph for the samples 0.5Fe–BiOCl (a), 0.75Fe–BiOCl (b), and 1Fe–BiOCl (c), respectively.  

Fig. 8. Nyquist plot of samples at (a) 0 V and (b) at 600 mV vs S⋅C.E bias.  
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