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Abstract

Electrochemical water splitting is a promising approach towards a sustainable and renewable energy source. However,
the demand for high anodic potential and sluggish kinetics of oxygen evolution reaction (OER) restrict the efficiency
and feasibility of the water-splitting process. In this quest, transition metal oxides and alloys are considered potential
candidates owing to their natural occurrence and high redox potential for OER. However, many associated challenges in
their use are still there to be addressed. Here, we designed a new class of bismuth-doped iron oxide on exfoliated gra-
phene oxide by optimizing the metal loading on the conductive support to facilitate the flow of charge during catalysis.
The catalytic ability of the synthesized Bi-doped nanocomposites was evaluated in activating the OER under extreme
alkaline conditions (1 MKOH). On screening different combinations, 20Bi-Fe,0;@GO was identified as the most efficient
and sustainable electrocatalyst even under harsh operating conditions, with an onset potential of 1.48V and a Tafel slope
of 65 mV/dec. The current study offers a new class of Bi-doped electrocatalysts, where the precise doping of Bi and the
optimized loading of metal was found the key to achieving low onset potential and high current density to initiate OER.

Keywords Graphene nanocomposites - Bi-Fe,0;@GO - Electrocatalyst - Oxygen evolution reaction (OER) - Water-
splitting

1 Introduction

Our environment is highly impacted by the overuse of unnecessary and exhaustible fossil fuels, which produce signifi-
cant amounts of carbon dioxide. The need for renewable alternatives to address these crucial energy and environmental
challenges is growing globally [1]. Water is an attractive choice to employ as a green, sustainable, and renewable source,
where the need for the high anodic potential for the half-cell oxygen evolution reaction (OER) restrains the efficiency of
the water-splitting process.Among different metal oxides, RuO, and IrO, are more efficient electrode materials to catalyze
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multi-step OER at low overpotential, but high cost and low availability restrict their applications on large [2]. Hence, devel-
oping efficient and cost-effective catalytic systems to reduce the substantial anodic bias for OER in the water-splitting
process is highly desirable. The literature revealed that high Gibbs free energies of intermediates (M-OH, M-0, and
MOOH) majorly contribute to initiating the OER process, where the "M—-0O" bonds with strong nucleophilic characteristics
significantly restrict the attack of incoming nucleophiles (-OH) to control the chain reaction producing oxygen [3]. The
optimal redox potential to catalyze OER depends on the active sites of metals, the nature of metal oxides, metal alloys,
and metal hydroxides [4]. Ideal redox potential and abundant active sites of metal oxides and hydroxides are considered
the best choice in catalyzing the OER process at the lowest overpotential. Moreover, nanohybrid metal alloys can further
encourage their inherent redox properties [4], though poor conductivity and durability are their drawbacks [1]. The nano-
structuring of metal oxides can be a promising alternative by tuning their electrocatalytic activity, selectivity, sustainabil-
ity, and active site exposure [5]. The most important feature in developing nanocatalysis is the requirement of uniform
dispersion of ultra-small and chemically stable nanomaterials on highly conducting surfaces, such as carbon nanotubes
or graphene. Therefore, metal oxide and graphene-based nanohybrids can be promising options by fine-tuning electri-
cal and catalytic properties as highly effective materials. Moreover, chemical exfoliation and functionalization such as
doping of hetero atoms can improve the physicochemical and electronic properties of graphene-supported catalysts
[6, 7]. Recently, Thomas et al. reported the incorporation of Bi into Cobalt borate and observed that OER performance is
highly dependent on the optimum doping of Bi and consequent structural modification of metal borate [8]. Similarly,
Anand et al. [9] reported the doping of alkaline earth metal (Ca) to Bi-ferrite to tune the electrochemical performance.
However, a very high overpotential (2.12 V) was observed for OER [2].

Horn and his co-workers developed Bi-doped SrCo (Bij ,Sr, s CoO;_¢) for efficient OER with an onset potential of 1.55 V.
It is deduced that the presence of Bi™® acts as an acidic site and facilitate the adsorption of intermediate on the surface
of Co during catalysis [4]. Very recently, Liging Wu et al. [10] developed Bi-doped RuO, for OER in an acidic medium. It is
found that the addition of Bii can increase the valance state of Ru to enhance the active site of Ru. Moreover, the doping
of Bi can increase the structural stability by avoiding the overoxidation of Ru and hence perform long-lasting OER in
an acidic medium [5] Above in view, the performance of such heterogeneous and multi-metal-based electrocatalysts
especially transition metals can be further enhanced by changing the nature and concentration of doped metals and
use of conducting support [11]. Therefore, we decide to explore Bi-composites for designing new, efficient, and cost-
effective electrode materials for OER. In this perspective here we designed bismuth-doped iron oxide on the graphene
oxide nanosheets as a sustainable low-cost electrocatalyst and different combinations of Bi-Fe,O; and GO were screened
to catalyze OER, where 20Bi-Fe,0;@GO was found the most efficient. Our encouraging results offer new possibilities in
developing effective Bi-doped graphene-based nanohybrids to make water splitting a realistically viable method for
sustainable energy.

2 Experimental section
2.1 Materials and reagents

Graphite powder (325 mesh, = 80%, Alfa Acer), potassium permanganate (KMNO,, = 98%, Sigma Aldrich), potassium
phosphate (H;PO,, = 98%, Sigma-Aldrich), sulfuric acid (H,SO,, potassium hydroxide (KOH, = 85%, Sigma-Aldrich), Bismuth
nitrate (Bi(NO;);-5H,0), Iron chloride (FeCl;.6H,0), diethyl ether (CH;CH,),, = 99%, Sigma-Aldrich), methanol, and ethanol
(=99.8%, Sigma-Aldrich) were used after double distillation.

2.2 Synthesis of graphene oxide

The Hummer method with some modifications [12, 13] was employed to synthesize graphene oxide (GO) by the reaction
of graphite powder with potassium permanganate in the presence of sulfuric acid and sodium nitrate (Fig. 1). A typical
procedure involves the stirring of a reaction mixture containing graphite powder (1 g), sodium nitrate (1 g), and H,SO,
(25 mL) at 0-4 °C. A slow addition of KMnO, (3 g), followed by dilution with distilled water (100 mL), was done to maintain
the temperature. After 2 h, the temperature of the reaction mixture was gradually increased up to 35 °C and quenched
with 30% H,0, solution (50 mL). The recovered precipitates were centrifuged, washed several times with de-ionized
water and 5% HCl solution, and oven-dried at 60 °C.
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2.3 Synthesis of BiFe,0;@G0 nanocomposites

Synthesis of the graphene oxide (GO) supported Bi-doped Fe,0; was accomplished by employing a modified method
(Fig. 1) [14]. For the 10% doping of Bi by mass with respect to Fe, a solution of Bi(NO;);-5H,0 (0.3 mg) and FeCl;-6H,0
(27 mg) in water (50 mL) was sonicated to ensure a homogenized mixing. The prepared graphene oxide (100 mg) dis-
persed in deionized water (100 mL) was added to the reaction mixture, and the pH (11-12) was maintained by adding
liquid ammonia. The reaction mixture was stirred for 2 h at room temperature, and the recovered precipitates were
washed with deionized water (200 mL). The obtained material was redispersed in water (50 mL), followed by 5 M NaOH
solution (5 mL), and the reaction mixture was autoclaved at 120 °C for 24 h in a 100 mL stainless steel chamber with a
Teflon liner. Finally, the solid material of BiFe,0;@GO was filtered, washed several times with ethanol, and dried under
vacuum at 60 °C. The same procedure was adopted for the synthesis of different composites by using 20 and 30 percent
of Bi for doping.

2.4 Characterization of BiFe,0;@GO nanocomposites

The synthesized materials were characterized by employing different techniques. A scanning electron microscope (NOVA
FEISEM-450 was used to understand the morphology, while Energy dispersive X-rays (EDX, INCAX-Act equipped with a
JASCO V66 detector were used to determine the impurities and composition. Transmission electron microscopy (TEM-
JEM2100F, JEOL, 200 kV) was used for clear visualization of size and shape. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) was used for the determination of metal impurities before and after doping. In addition, X-ray
diffraction (D2 Phaser, copper K-alpha) was used to evaluate the nature and phase purity of the material.

2.5 Electrochemical evaluation by BiFe,0;@GO nanocomposites

The electrochemical evaluation experiments were performed in an alkaline medium (1 M KOH) at room temperature
using a potentiostat (Gamry 600) at 5 mA/cm?. Glassy carbon (GC) was used as working electrodes, whereas platinum
and Ag/AgCl wires were used as counter and reference electrodes. The working electrode was prepared by a simple
drop-casting method, where a catalytic suspension (15 pL) was deposited and dried in air at ambient temperature. For
preparing the suspension, the newly synthesized catalytic material (5 mg) was sonicated for 30 min in 0.5 mL of ethanol).
The Linear Swap voltammetry (LSV) and chronopotentiometry (CP) measurements were performed in three electrode-
setup experiments under alkaline conditions without iR correction to keep the originality of the data. The glass cell
was properly washed (with dilute HCl) and dried before each experiment. Potential measuring data was taken against
reversible hydrogen electrode (RHE) by using the standard Nernst equation:
Erre = Eexp +0.0591*PH +Epg/agqi

@ Discover



Research Discover Nano (2024) 19:193 | https://doi.org/10.1186/511671-024-04146-x

Tafel slope was determined in the potential range near the onset potential of the steady-state voltammogram [15].
Electrochemical impedance spectroscopy (EIS) was observed in the range of 0.1 Hz-1 MHz at a potential of 5 mV. LSVs
were collected by preparing different percentages of the synthesized catalytic system (10 mg in 1 mL methanol) and
nafion solution (5 pL) at a sonication of 30 min. The homogenous ink obtained was loaded on glassy carbon (GC) with
an area of 0.07 cm? via the drop-casting method and allowed to dry at room temperature. LSVs were recorded in an
anodic potential regime with a 5 mV/s scan rate. All the catalyst mixtures were scanned for ten cycles before collecting
final data to ensure steady voltammograms.

3 Results and discussion

Electrocatalysts play a significant role in water splitting reactions, a crucial process in renewable energy systems, by
reducing the energy requirement to facilitate the process. In search of new efficient, sustainable, and low-cost electro-
catalysts here, we present a new graphene oxide (GO)-supported Bi-doped FeO, electrocatalyst for the OER reaction.
The amount of precursor and initiator was stoichiometrically optimized to control the Bi doping in the structure of iron
oxide. Graphene oxide (GO) sheets are inherently highly conducting and possess various functionalities, such as aldehyde,
ketone, carboxylic acid, and epoxides, to offer significant interactions with metal ions [16, 17]. Therefore, metal oxide
nanoparticles can be successfully loaded on such a conducting support with uniform distribution.

3.1 Synthesis of graphene oxide (GO) supported Bi-doped Fe,0; electrocatalyst

For synthesizing Bi-doped Fe, 0, the freshly prepared GO was ultrasonically dispersed in water to homogenize with the
relevant metal salts. The homogeneous slurry was allowed to react under high pressure in an autoclave at 120 °Ciin an
alkaline medium to facilitate the nucleation and growth of the metal NPs on graphene support (Bi-Fe,O;@ GO). Different
percentages of loadings i.e., 10, 20, and 30 Bi-Fe,0;@GO have been synthesized and evaluated for OER to explore the
role of doping in structural modification of cost-effective materials for electrocatalysis (Fig. 1).

3.2 Characterization of the BiFe,0,@GO0 nanocomposites

Compositional and structural characterization of the synthesized BiFe,0;@GO nanocomposites was accomplished by
employing state-of-the-art techniques that include Scanning electron microscopy (SEM), energy dispersive X-ray spec-
troscopy (EDX), and X-ray diffraction (XRD) techniques. The size, shape, morphology of the nanocomposites, and the
effect of Bi loading were analyzed by SEM [18]. Graphene oxide (GO) was observed in a refined shape with well-defined
edges of sheets (Fig. 2). Various oxygenated functionalities present on the surface of GO are considered responsible for
developing interactions with metal to stabilize the synthesized nanocomposites. Figure 2a and b demonstrate a plane
surface of graphene oxide sheets in the absence of NPs, while the small white spots on the surface represent the uniform
loading of 20Bi-Fe,0; on GO (Fig. 2¢, d). A careful analysis of SEM images further revealed that Bi-Fe,O; is encapsulated
within the nanocomposites. The even distribution of metal nanocomposites on the support suggests the involvement
of functionalities, which can enhance the trapping capability of the exfoliated graphene oxide and effectively prevent
the agglomeration of Bi-Fe, 0. Moreover, the interface between metal-GO possibly plays a significant role in providing
active sites for catalysis. However, increasing and decreasing the amount of doped Bi leads to agglomeration or loading
of less amount of particles, respectively (Fig S1).

Further, the size, appearance, and distribution of particles were analyzed with TEM in comparison with bare GO as
shown in Fig. 3. The TEM analysis further verified the extended sheet-like structure of GO which can facilitate the load-
ing of materials at the nanoscale length Fig. 3a. The Fig. 3b—d shows the representative sample with 20%Bi doping at
low and high resolution. It is observed that the surface of GO becomes black and loses transparency after loading of the
particles. However, by magnifying the particles under TEM analysis, the edge of support can be seen uniformly covered
by loading particles. TEM analysis further justifies that uniform distribution of particles can be achieved by controlling
the stochiometric amount of metal precursors during synthesis.

The elemental composition of bared and metal-loaded nanocomposites (Bi-Fe,0;@GO) was analyzed by EDX [18].
Figure 4a shows the EDX spectrum of GO with the appearance of two peaks for C and O. The appearance of a peak for O
suggested the presence of oxygen-containing functionalities on the surface of GO. Figure 4b-d shows the EDX spectrum
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Fig.2 SEMimages of GO
(above) and 20Bi-Fe,0;@GO
(below) with low and high
magnification
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Fig.3 aTEM images of GO
and b-d 20Bi-Fe,0;@GO with
low and high magnification
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of different Bi-Fe,0;@GO, where the composite was coated with Au to enhance the conductivity and visualization under
an electron beam. The oxygen content in all samples indicated atmospheric oxygen and partial surface oxidation of the
graphene support. The appearance of Fe and Bi peaks confirmed the successful loading of Bi-Fe,O; on the graphene
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10Bi-Fe,0,@GO

20Bi-Fe,0,@GO _ 30Bi-Fe,0,@GO

Fig.4 EDX spectra of GO and all Bi-Fe,0;@GO with different Bi doping

surface in different compositions. By increasing the concentration of Bi, there is no change in the EDX spectra except
a little bit of change in the intensity of the peaks which entails the effect of Bi loading. The presence of carbon is for
graphene support, whereas an increase in the intensity of oxygen peaks suggests the possibility of FeO, formation. The
presence of Cu was due to the sample holder used during the analysis.

The metal content was further confirmed by ICP-OES with and without doping (Table S3). A minor difference in the
theoretical and experimentally calculated metal contents was observed which is probably due to the interference phe-
nomenon and the presence of the small amount of alkali and alkaline earth metals in water and acid used for the sample
digestion. The X-ray diffraction study provides information about the crystal structure and phase purity of the materials
[19]. The XRD pattern of pure GO shows the emergence of two peaks at 26 =10° and 27° due to the diffraction from (001)
and (002) plan of GO, respectively (Fig S2a). The XRD pattern observed at 26 =22.2°,28.5°, 30.2°, and 31.2° are raised from
the crystal plane of Bi [20]. The peaks at 26 =37.5°, 46.2°, 53.8°, 57.3°, indicate the presence of Fe,O; (JCPDS 33-0664) (Fig
S2b). The loading of Bi-doped Fe,O; on the surface of GO can be observed in Fig S2c which exactly matches with the
peaks observed in Fig S2a, b. However, a minor shift in the peak of GO at 26 =10° may be due to the loading of Bi-Fe,0;.
The Different intensities indicated different phases of a plane with different orientations (Fig S1b-c). Some other peaks
of low intensities suggest that a minor quantity of Bi and Fe can be present in the different crystalline phases which is
unclear and subject of future investigation [21].

3.3 Electrochemical evaluation

To measure the electrochemical performance of the synthesized nanomaterials, various percentages of metals such as
10Bi-Fe,0;@GO, 20Bi-Fe,0;@G0, 30Bi-Fe,0;, and GO were evaluated for oxygen evolution reaction (OER). The typical
electrochemical measurements were performed in an alkaline condition of 1 M KOH using a workstation (Gamry 600)
consisting of three electrodes dipped in the electrochemical cell [15]. LSVs were collected to get information about
the onset potential, overpotential, and current density through the polarization curves. The voltammogram pattern
demonstrates onset potential, and the current density of catalysts depends on the loading concentration (Fig. 5a). The
onset potential for OER is indicated by the area of the voltammogram, where current density was found to increase by

@ Discover



Discover Nano (2024) 19:193 | https://doi.org/10.1186/511671-024-04146-x Research

increasing the amount of catalyst. For instance, low onset potential (1.48 V) is observed using 20Bi-Fe,0;@GO, which is
increased to 1.54 V on increasing the percentages of metal loading to 30Bi-Fe,0;@GO and 1.7 V with blank GO sample.
Similarly, overpotential values of 250, 370, 520, and 490 mV were observed against 20, 30, and 10Bi-doped Fe,0;@GO,
and Fe,0;@GO respectively, to execute OER whereas, a high overpotential value of 650 mV was attained using pure GO.
By looking at the potential of LSV, the small oxidation peak of the metals followed by the exponential increase in the
current density indicates the comparative competency of the 20Bi-Fe,0;@GO catalyst. However, due to the broadness of
the peak, it cannot be attributed to single metals because many factors can affect the potential range of a redox couple.
From LSVs, it is evident that the execution potential of OER is changed by changing the Bi concentration in the whole
composite materials. CV and stability profile of bare Fe;05 were also collected for comparison. Although the onset poten-
tial (1.55 V) was found smaller than 10Bi-Fe,0;@GO, however the smaller current density (25 mA/cm?) and less stability
with demand of high potential implies the role of Bi and underlying support (Fig S2). Generally, better OER performance is
expected by a high current density at a low overpotential. The current density of 50 mA/cm? is attained for an optimized
metal-loaded catalyst (20Bi-Fe,0;@GO) at a low potential (1.55 V). Hence, the newly synthesized graphene-supported
electrocatalysts with optimum loading were found effective for a rapid OER process on the surface of the electrode.
Another measuring parameter that provides information about the kinetics and mechanism of OER is the Tafel
slope [22]. It is well understood that the reaction will be faster if the Tafel slope is smaller, and vice versa. Therefore,
Tafel Slope values for each synthesized electrocatalyst have been calculated from the LSVs to get information about
the kinetics of the reaction. To plot a graph between the log of current density (log j) and overpotential, a certain
potential region of LSV data right after onset potential was picked for the Tafel slope shown in Fig. 5b. The slope val-
ues of 65, 92,98, 175, and 200 mV/dec were calculated for 20Bi-Fe,0;@GO, 30Bi-Fe,0;@GO, 10Bi-Fe,0;@GO, F,0;@
GO, and GO, respectively. To measure the electrochemical performance of the synthesized nanomaterials, various
percentages of metals on GO, such as 10Bi-Fe,0;@GO, 20Bi-Fe,0;@GO, 30Bi-Fe,0;@GO were evaluated for oxygen
evolution reaction (OER). The favorable kinetic behavior can be observed from the abrupt increase in the current
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density with an incremental increase in the potential window for 20Bi-Fe,0;@GO. These results indicated that the
percent varying of Bi has a significant role in tuning the kinetics of OER in an alkaline medium.

To determine the activity of the synthesized catalyst based on charge transfer at the interface of electrode and elec-
trolyte, electrochemical impedance spectroscopy (EIS) was performed [22]. EIS provides information about intrinsic
and charge transfer potential through the charge transfer resistance (Rct). The internal resistance will be lower if the
charge transfer is small, which will ultimately enhance the fast electron transfer ability of the catalyst. A Nyquist plot
between the real and imaginary parts of the impedance to demonstrate the EIS data collected in alkaline conditions is
presented in Fig. 5¢. The semicircle from lower to higher frequency with respective values is represented with arrows
for convenience. The diameter of semicircles in the Nyquist plot represents the kinetics and charge transfer resistance
(Rct), where the lowest value of Rct (4-5 Q) for 20Bi-Fe,0;@GO indicates low internal resistance to subsequently
facilitate the electrons transfer during the catalytic process. The small Rct indicates the strong electronic coupling
across the whole composite material and can be favorably optimized by changing the composition of the catalyst.
Based on the above parameters, we can deduce that the nature of the support, the type of metal, and the quantity of
metal loading collectively contribute to the catalytic process. Results of LSVs, Tafel slope, and EIS demonstrated that
20Bi-Fe,0;@GO is among the best catalysts for OER (Table S3). Results revealed that the performance of the catalyst
is attributed to the optimum doping of Bi and the development of heterointerfaces across the whole hybrid material.

Finally, the stability of the synthesized catalyst was investigated by chronopotentiometry to calculate the current
density and electrocatalysis potential. Generally, the activity loss, leaching of the sample, and conversion of catalytic
material into inactive form spoils the catalytic activity of catalysts due to harsh conditions during water oxidation
[23]. A controlled current electrolysis experiment was performed, where the initial increase and later decrease in the
potential is observed to deliver a current density of 50 mA/cm? (Fig. 5d). It is noteworthy to mention that due to the
broad redox peak and high current density close to the oxidation potential of metals, it may not be technically correct
to attribute the stability at low current density to the catalyst. The fluctuation observed in the potential indicated
the gradual activation of the active site during catalysis. The long-term (24 h) anodic process rules out the leaching
or structural changes in the catalyst which is more easy after comparison with the stability profile of bare Fe;0; (Fig
S3). To analyze the catalytic active sites, mass activity, and exchange current density were calculated from the steady
state LSV at a particular potential Fig. 6. A gradual increase in the exchange current density and mass activity was
observed by increasing the doping of Bi to a certain level which indicates the efficiency of catalyst per unit mass. The
observed findings entail that nanostructuring of the materials and optimum doping of hetero-metals on conducting
support could provide a plethora of active sites and heterointerfaces, which can increase the chance of collision of
different intermediates to enhance the surface catalysis process.

4 Conclusion
Energy conversion and storage are crucial for fostering a sustainable future, wherein alternative and renewable energy

sources assume pivotal roles. Recent research has focused on developing bismuth-doped iron oxide on exfoliated
graphene oxide nanocomposites, exploring their catalytic potential for the oxygen evolution reaction (OER). We
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have successfully identified the most efficient electrocatalyst through meticulous optimization of metal loading and
its distribution across the conducting graphene oxide. Characterization of the prepared nanocomposites of vari-
ous Bi loading was conducted using Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Energy Dispersive X-ray Spectroscopy (EDX), Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES
and X-ray Diffraction (XRD). Diverse electrochemical parameters such as Linear Swap Voltammetry (LSV), Tafel Slope
analysis, stability assessments, Electrochemical Impedance Spectroscopy (EIS), and mass activity measurements were
employed to scrutinize the catalytic process. Notably, the electrochemical parameters underscored that an optimized
metal loading on the support significantly augments catalytic potential. The 20Bi-Fe,0; composite exhibited com-
pelling characteristics, including low overpotential (250 mV), high current density (200 mA/cm’@1.6 V), minimal
Tafel slope value (65 mV/dec), and low charge transfer resistance (4-5 Q). These properties are subject to favorable
modulation through the manipulation of composition-loading and the nature of the supporting material. Moreover,
leveraging their inherent synergistic effects, the integration of bimetallic nanoparticles and their composites emerge
as promising and cost-effective catalytic systems.
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