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Abstract

The oxygen evolution reaction (OER) plays a central role as an anode in electrocatalytic
processes such as energy conversion and storage and the generation of molecular oxygen
from the electrolysis of water. Currently, precious metal oxides such as IrO2 and RuO2

are recognized as reference OER electrocatalysts with reasonably high activity; however,
their widespread use in practical devices has been severely hindered by their high cost
and scarcity. It is essential to design alternative OER electrocatalysts made of low-cost
and abundant earth elements with significant activity and robustness. We report four
new nanocellulose-derived Fe–zeolite nanocomposites, namely Fe/Zeolite@CCNC (1),
Fe/Zeolite@CCNF (2), Fe/Zeolite/CNT@CCNC (3), and Fe/Zeolite/CNT@CCNF (4). Two
different types of nanocellulose were investigated: nanocellulose nanofibrils and nanocellu-
lose nanocrystals. Characterization with TEM, SEM-EDS, PXRD, and XPS is reported. The
nanocomposites exhibited electrocatalytic activity for OER that varies based on the origin
of biocarbon and the composition content. The effect of adding carbon nanotubes to the
nanocomposites was studied, and an improvement in OER catalysis was observed. The
electrochemical double-layer capacitance and electrochemical impedance spectroscopy of
the nanocomposites are reported. The nanocomposite 3 exhibited the highest performance,
with an onset potential value of 1.654 V and an overpotential of 551 mV, which exceeds the
activity of RuO2 for OER catalysis at 10 mA/cm2 in the glassy carbon electrode. A 24 h
chronoamperometry study revealed that the catalyst is active for ~2 h under continuous op-
erating conditions. BET surface analysis showed that the crystalline nanocellulose-derived
composite exhibited 301.47 m2/g, and the fibril nanocellulose-derived composite exhibited
120.39 m2/g, indicating that the increased nanoporosity of the former contributes to the
increase in OER catalysis.
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1. Introduction
Electrocatalytic water splitting is a promising method for converting renewable elec-

tricity into chemical fuel in the form of hydrogen gas (H2). The electrocatalytic water
splitting process is fundamentally susceptible to the performance of the catalyst; as a result,
the effectiveness of the water splitting reaction’s energy conversion significantly depends
on advancements in the catalyst’s catalytic activity [1]. There has been a significant effort to
develop innovative catalytic materials and identify the active sites in stable, effective, and
Earth-abundant catalysts [2]. A crucial phase in the synthesis of hydrogen fuel in a water
splitting system is the delayed four-electron transfer process involved in oxygen evolution
reaction (OER), which results in significant efficiency loss and material deterioration that
prevents the use of Earth-abundant catalysts in commercial electrolyzers [3]. This outlines
the prerequisites for creating low-cost OER catalysts to reduce overpotential, enhance
activity, and minimize damage to the reaction process [4].

Ir-based and Ru-based materials perform exceptionally well during OER in acidic
media. Still, their scarcity restricts their ability to be scaled globally in sustainable energy
technologies [5]. As a consequence, there has been a significant increment in the number
of research studies on equivalent, low-cost, readily available, high-activity catalysts with
long-term durability, primarily for transition metal (Fe, Co, Ni, etc.)-based phosphides,
oxides, oxyhydrates, perovskites, nitrides, and sulfides. Non-precious transition metals
and their derivatives have been reported to be active and stable electrocatalysts for water
oxidation in alkaline solutions, offering potential alternatives to the Ir- and Ru-based
catalysts [6,7]. These include monometallic-based catalysts (those based on Co, Ni, Fe, etc.)
and bimetallic-based catalysts (CoFe, FeNi, Fe, Mn, etc.) [8].

In a typical electrochemical water splitting system, the hydrogen evolution reaction (HER)
and OER processes occur on the cathode and the anode, respectively (2H2O → 2H2 + O2).
The localized electrolyte environment impacts these mechanisms. OER follows the chemical
mechanism 4OH− → O2 + 2H2O + 4e− while HER follows 2H2O + 2e− → H2 + 2OH− under
alkaline environment [9,10]. Electrolysis becomes more challenging in OER because of the
four-electron transfer process, resulting in significant energy loss. MO-, MOH-, and MOOH-
type intermediates (where M is the surface metal cation) are commonly generated during the
electron transfer process within OER [11,12]. Understanding the structure–property interactions
in the OER is essential for creating high-performance electrocatalysts. Accurate composition,
activity trend monitoring, and the in situ and operando identification of active sites should
be combined to describe the electrocatalysts [13]. A good catalyst should generally possess a
large surface-active area and a tunable electronic structure to provide enough active centers
and adsorption energy. Precursors on the catalyst surface form hollow nanostructures with
a larger specific surface area, frequently granting catalysts with abundant active edges and
high-density active sites, in contrast to the corresponding bulk materials [14–16]. Additionally,
the mass transfer pathways could be considerably reduced owing to the considerable vacant
space. Furthermore, the porous internal structure may significantly reduce the structural stress
generated by repetitive ion insertion and extraction processes, allowing for the nanocatalyst
to be employed in regulating the volume changes that may occur during the electrocatalytic
reaction mechanism [17,18].

Crystalline nanocellulose (CNC) is a common type of cellulose with advantageous
traits, including a high aspect ratio, a significant specific surface area, considerable tensile
strength, flexibility, a hydrophilic surface, and biodegradability. They are also suitable for
chemical modification due to their active surface functionalities. These characteristics make
CNC a viable alternative for producing a wide range of composites relevant to various
fields, including biomedicine, materials science, and catalysis, among others [19,20]. The
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aforementioned characteristics of nanocellulose make it an excellent option to serve as a
biocarbon source and as a template for nanoparticle encapsulation [21,22].

Cellulose nanomaterials have been previously utilized as photocatalysts for water
splitting and other reactions. Li et al. developed TiO2 fiber nanorods for photoelectro-
chemical water splitting through the atomic layer deposition of titanium onto cellulose
nanofibers, followed by heating at 600 ◦C and calcination of the CNFs, leaving behind
porous structures that were found to be efficient catalysts [23,24]. In other words, Li et al.
incorporated platinum nanoparticles into the TiO2 nanofiber to improve photocatalytic
hydrogen production [25]. These processes involve atomic layer deposition and thus re-
quire specialized equipment to produce. Nair et al. created photocatalysts through the
low-temperature in situ growth of TiO2 nanorods onto CNCs, followed by the deposition of
Au nanocrystals [26]. However, they did not evaluate catalysts for water splitting reactions.
This work describes a straightforward solution-based method of producing electrodes
modified with Fe–zeolite nanoparticles encapsulated by nanocellulose-derived biocarbon.

Here, we report a novel type of nanocatalyst that utilizes nanocellulose to create a
highly porous material with a large surface area, serving as a template to encapsulate Fe–
zeolite nanoparticles within its structure. The carbon matrix used possesses a graphene-like
structure, which enhances electron conductivity, facilitating a successful interaction between
all the active structures and thereby increasing the nanomaterial’s electrocatalytic properties.
We also investigated the electrochemical differences using two types of nanocellulose:
nanocrystals and nanofibrils. In addition, the effect of adding carbon nanotubes in the
electrocatalytic process of oxygen evolution was also addressed, using a typical three-
electrode system under alkaline electrolyte conditions.

2. Results and Discussion
Two forms of nanocellulose, nanocrystals and nanofibrils, were prepared and studied

as a carbon source for producing biocarbon, which served as a platform to support Fe–
zeolite active sites. The nanocomposites Fe/Zeolite@CCNC (1) and Fe/Zeolite@CCNF (2)
were prepared, along with their counterparts incorporating multiwall carbon nanotubes
(CNT), namely Fe/Zeolite/CNT@CCNC (3) and Fe/Zeolite/CNT@CCNF (4). Previous
studies have demonstrated that incorporating carbon nanotubes can enhance the material’s
conductivity, resulting in an improvement in the onset potential for the oxygen evolution
reaction (OER) [27–32].

The purpose of this study is to investigate the electrochemical properties of the re-
sulting nanocellulose-based composite materials for their potential application in OER
catalysis. The detailed synthesis procedures and characterization techniques presented in
this work are intended to provide valuable insights into earth-abundant metal catalysts for
performing OER.

2.1. Analysis by XPS

The nanocatalyst was subjected to a comprehensive suite of characterization tech-
niques. Initially, the qualitative elemental composition of the catalyst was assessed using
X-ray photoelectron spectroscopy (XPS), a powerful tool for evaluating the elemental and
chemical states of materials. The binding energy measurements obtained from XPS anal-
ysis confirmed the presence of the expected elements in each of the synthesized catalyst
samples while ensuring that any extraneous elements were absent. The data presented in
Figures 1 and 2 exhibit the characteristic binding energies for iron and iron oxide, provid-
ing strong evidence for the presence of these elements in the nanocatalyst. These results
demonstrate the successful synthesis of the targeted nanocatalyst, which will be further
evaluated for its electrocatalytic performance in subsequent studies.
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Figure 1. X-ray photoelectron spectroscopy (XPS) of nanomaterial, the binding energy of
Fe/Zeolite@CCNC (1). Scans for (a) C 1s, (b) O 1s, (c) Si 2p, and (d) Fe 2p. Red: data scan; Dark Blue:
data fit; Orange and Green: deconvolution analysis; Light Blue: residual plot.

Figure 2. X-ray photoelectron spectroscopy (XPS) of nanomaterial, the binding energy of
Fe/Zeolite@CCNF (2). Scans for (a) C 1s, (b) O 1s, (c) Si 2p, and (d) Fe 2p. Red: data scan; Dark Blue:
data fit; Orange and Green: deconvolution analysis; Light Blue: residual plot.
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2.2. Morphological Analysis by TEM

The morphology and nanostructure of the synthesized nanocatalyst were thoroughly
examined using transmission electron microscopy (TEM). Figure 3a presents a representa-
tive TEM image of the nanocatalyst, showing spherical metallic nanoparticles with a size
distribution between 10 and 20 nm. Notably, all metallic nanoparticles were observed to
be encapsulated within the carbon matrix, with no unbound nanoparticles, a desirable
property that prevents the leaching of nanoparticles from the catalyst. This observation
is further supported by the control sample presented in Figure 3c, which lacks metallic
nanoparticles and consists only of zeolite and nanocellulose nanocrystals that form the
carbon matrix.

Figure 3. Transmission electron microscopy (TEM) of (a) Fe/Zeolite@CCNC (1), (b) Fe/Zeolite/
CNT@CCNC (3), (c) control sample (nanocellulose + zeolite), and (d) HRTEM of Fe/Zeolite@CCNC
(1) along with its diffraction pattern.

Further analysis using high-resolution TEM (HRTEM) was performed to investigate
the interconnectivity of the nanocatalyst components. Figure 3d illustrates the presence
of a glassy type of carbon that interconnects the metallic nanoparticles within the carbon
matrix. The glassy-type carbon was dispersed throughout the entire nanocatalyst with
an average size of 2 nm. Finally, Figure 3d provides an HRTEM representation of the
Fe/Zeolite@CCNC (1), where clear diffraction lines corresponding to different planes of
Fayalite were observed. These results demonstrate the strong interconnection between
the zeolite used as a solid support and the metallic nanoparticles generated during the
baking process.
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Taken together, the TEM and HRTEM observations provide critical insights into
the morphology and nanostructure of the synthesized nanocatalyst, revealing a highly
interconnected carbon matrix, the absence of free metallic nanoparticles, and the presence
of a glassy-type carbon material interconnecting the metallic nanoparticles. These findings
provide a foundation for further studies and highlight the potential of this nanocatalyst for
electrocatalytic applications.

2.3. Morphological Analysis by SEM

Scanning electron microscopy (SEM) was employed as a characterization technique
to gain a more precise understanding of the surface morphology of the synthesized nano-
material. Figure 4 presents images of the synthesized nanomaterial with a magnifica-
tion of 50.0 µm, captured using a backscattered electron beam at a potential energy of
10.0 kV. The SEM images reveal the porous structure on the material’s surface for both the
nanocellulose nanocrystals and the nanocellulose nanofibrils. The porous structure is a
typical feature of this type of carbon matrix, providing the material with strong absorbent
properties. Additionally, the SEM images suggest that our nanomaterial exhibits high
electrical conductivity. The nanocatalyst’s elemental analysis and color mapping were
performed using energy-dispersed X-ray spectroscopy (EDS).

 

Figure 4. Scanning electron microscopy (SEM) of (a) Fe/Zeolite@CCNC (1) and (b) Fe/Zeolite@CCNF (2).

2.4. EDS Elemental Analysis and Color Mapping

The results obtained from the energy-dispersive X-ray spectroscopy (EDS) charac-
terization technique are displayed in Figure 5, and are consistent with the qualitative
elemental composition obtained by X-ray photoelectron spectroscopy (XPS). The main
element present in the sample was carbon, which formed the entire matrix that enclosed
the iron particles.

The elemental analysis also revealed the presence of metallic iron and iron oxide in
varying percentages, as well as silicon and traces of aluminum originating from the initial
Zeolite material used in the synthesis process of the nanomaterial. These findings further
prove the successful synthesis of the desired nanocatalyst and its chemical composition.
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Figure 5. Elemental analysis and color mapping using energy-dispersive X-ray spectroscopy of
Fe/Zeolite@CCNC (1).

2.5. Analysis of Crystalline Structure by XRD

It is essential to note that the PXRD results provide valuable insights into the crystal
structure of the nanomaterial. In this case, the PXRD pattern indicates the presence of zeolite
SZM 5, an essential component of the Fe/Zeolite@CCNC (1) material. The orthorhombic
crystal system, along with the identified planes (1,1,0) and (5,1,1), suggests the presence of
well-ordered zeolite crystals in the sample. Additionally, the signal at 44.9◦ confirms the
presence of metallic iron in a cubic crystal system, with the (0,1,1) plane being the most
prominent. Overall, the PXRD results complement the XPS and TEM analyses, providing a
more comprehensive picture of the nanomaterial’s elemental structure.

Figure 6 shows the PXRD for the Fe/Zeolite@CCNF (2) nanomaterial, which exhibits
the presence of zeolite and iron oxide, specifically hematite and Fayalite. According to
Miller’s Index, the signals at 33.7◦ and 54.9◦ indicate the presence of hematite in a hexagonal
crystal system, with the 1,0,4 and 1,1,6 planes, respectively. Meanwhile, the signals at 34.8◦

and 35.7◦ correspond to the presence of Fayalite in an orthorhombic crystal system, with
the 3,1,1 and 1,2,1 planes, respectively.
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Figure 6. Powder X-ray diffraction of Fe/Zeolite@CCNC (1) and Fe/Zeolite@CCNF (2).

Iron–aluminum was also detected at approximately 43.0◦, consistent with its cubic
crystal system. The PXRD results are consistent with those of the other characterization
methods in this study, particularly with the interplanar distances observed in HRTEM
images. Notably, the two compounds exhibit different iron environments, with both
containing a significant amount of Fayalite. The one made from nanocellulose nanocrystal
material has higher percentages of hematite and iron–aluminum.

2.6. Raman Analysis

The degree of graphitization and defect level of the as-prepared nanomaterial are
investigated using Raman spectroscopic characterization of the nanocatalyst; the result-
ing findings are shown in Figure 7a,b. The nanocatalyst’s Raman spectra revealed two
distinctive peaks at around 1588 cm−1 and 1338 cm−1 for the Fe/Zeolite@CCNC (1) and
1590 cm−1 and 1371 cm−1 for Fe/Zeolite@CCNF (2), which correspond to the G (graphite)
and D (defects and disorder) bands, respectively.

The Raman peaks detected in the nanocatalyst are characteristic of carbon-based
composites, with the G band representing the E2g vibration mode of sp2-hybridized carbon,
and the D band indicating structural disorder or defects in the carbon atoms. The ID/IG
ratio is a crucial parameter for evaluating the degree of crystallization of graphitic carbon in
the nanocatalyst. A higher ID/IG ratio implies a higher degree of graphitization, whereas a
lower ratio indicates a higher number of defect sites. The nanocatalyst’s Raman spectra
indicate that the intensity of the D band is lower than that of the G band, suggesting
the presence of sp2 hybridized carbon species in the graphitized pore walls. The ID/IG
values for Fe/Zeolite@CCNC (1) and Fe/Zeolite@CCNF (2) are 0.98 and 0.95, respectively.
These values suggest the formation of high-quality three-dimensional graphitic carbon,
comparable to that found in reduced graphene oxide (~1). Therefore, the nanocatalyst
exhibits a high degree of graphitization and some levels of defects in its structure, which
can potentially enhance its catalytic activity. Between 2500 and 3000 cm−1, 2D and D+G
bands are present with a relatively low intensity, which is consistent with the presence of
glassy-type carbon material, as mentioned in the TEM analysis.
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Figure 7. Raman spectra for (a) Fe/Zeolite@CCNC (1) and (b) Fe/Zeolite@CCNF (2).

2.7. Electrochemical Double-Layer Capacitance Studies

Electrochemical double-layer capacitance (EDLC) studies were conducted. They were de-
rived from the capacitive current versus scan rate plot. They were further used to calculate the
electrochemical active surface area (ECSA) for all the electrode/electrolyte interface catalysts.
The EDLC value for Fe/Zeolite@CCNC (1) is 0.55 mF/cm2; for Fe/Zeolite/CNT@CCNC
(3), the value is 0.7 mF/cm2; for Fe/Zeolite@CCNF (2), the value is 0.15 mF/cm2; and for
Fe/Zeolite/CNT@CCNF (4), the value is 0.21 mF/cm2, Figure 8. Electrochemical impedance
spectroscopy (EIS) was recorded to derive the catalysts’ charge transfer resistance (Rct). Rct
values were ~ 207 Ω, 214 Ω,157 Ω, and 186 Ω for (3), (1), (4), and (2), respectively. The scan
plots for 1–4 are provided in the Supporting Information Figure S2.

Figure 8. Electrochemical double-layer capacitance studies of (a) Fe/Zeolite@CCNC (1), (b) Fe/Zeolite/
CNT@CCNC (3), (c)Fe/Zeolite@CCNF (2), and (d) Fe/Zeolite/CNT@CCNF (4).
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2.8. Catalytic Activity for Oxygen Evolution Reaction (OER)

The Oxygen Evolution Reaction experiment was performed using the four different
nanocatalysts previously synthesized: Fe/Zeolite@CCNC (1), Fe/Zeolite@CCNF (2), and
the same sets of nanomaterials after the addition of carbon nanotubes, Fe/Zeolite/CNT@C-
CNC (3) and Fe/Zeolite/CNT@CCNF (4). The potential was swept between −200 and
1100 mV vs. 4 M KCl/Ag/AgCl at a scan rate of 10 mV/s. Figure 9 shows the linear
sweep voltammetry for the OER of RuO2, Fe/Zeolite@CCNC (1), Fe/Zeolite@CCNF (2),
Fe/Zeolite/CNT@CCNC (3), and Fe/Zeolite/CNT@CCNF (4), determined in a 10 min
N2-purged 0.1 M KOH solution at 1600 rpm. The nanocomposite Fe/Zeolite/CNT@CCNC
(3) exhibited the highest performance, with an onset potential value of 1.654 V and an
overpotential of 551 mV. Table 1 compiles the onset potential for all the nanocomposites
1–4, and the calculated overpotential at 10 mA/cm2 with respect to the theoretical potential
of OER. Interestingly, the addition of CNT to the samples caused an increase in OER
performance for composites (1) and (2), but more prominently for (2). The beneficial
effect of CNTs in improving OER performance in nanocomposites has been reported
before [33,34]. The reasons for the strong enhancement that the CNTs showed in (2) have
yet to be determined. However, we think that they increased the electronic accessibility to
the Fe-sites on the composite, leading to a higher OER performance.

Figure 9. OER polarization of commercial powder RuO2, Fe/Zeolite@CCNC (1), Fe/Zeolite@CCNF (2),
Fe/Zeolite/CNT@CCNC (3), and Fe/Zeolite/CNT@CCNF (4) catalysts in 0.1M KOH at 1600 rpm.

Table 1. OER onset potentials and overpotentials to reach 10 mA/cm2 for RuO2, Fe/Zeolite@CCNC
(1), Fe/Zeolite@CCNF (2), Fe/Zeolite/CNT@CCNC (3), and Fe/Zeolite/CNT@CCNF(4) catalysts.

Catalyst Onset Potential (V) Overpotential at 10 mA/cm2 (mV)

RuO2 1.578 561

Fe/Zeolite@CCNC (1) 1.671 561

Fe/Zeolite/CNT@CCNC (3) 1.654 551

Fe/Zeolite@CCNF (2) 1.757 780

Fe/Zeolite/CNT@CCNF (4) 1.724 670
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The OER performance of the nanocomposites was compared with previously reported
electrocatalysts, and this is shown in Table 2.

Table 2. Comparison of OER performances with previously reported electrocatalysts.

Catalysts Overpotential at 10 mA/cm2 (mV) Reference

Fe/Zeolite/CNT@CCNC (3) 551 This work

RuO2 561 This work

RuO2 NPs 460 [35]

RuO2 370 [36]

IrO2 340 [37]

Oxidized carbon cloth 744 [38]

g-C3N4/graphene 539 [39]

Pyridinic-N-doped graphene 450 [40]

B-N dual-doped porous carbon 570 [41]

2.9. Chronoamperometry Measurement and Performance Comparison

The stability of the Fe/Zeolite/CNT@CCNC (3) was assessed through a Chronoamper-
ometry experiment over 24 h using a glassy carbon working electrode, a platinum counter
electrode, and a 3 M Ag/AgCl reference electrode. A 0.1M KOH solution served as the
electrolyte for the experiment. A 20 µL of the sample was drop-casted onto the working
electrode surface and allowed to dry at room temperature. The potential was maintained at
1.75 V vs. RHE. The constant potential was used throughout the test. The current density
was measured over time and expressed as a percentage of its initial value. A decrease in
current density occurred within the first 2 h, indicating a decline in performance under
the applied OER potential and the alkaline conditions. After this initial drop, the current
stabilized with some residual, non-zero activity, as shown in Figure 10. These findings
suggest that the catalyst’s core structure has a practical operational lifetime of two hours
under the applied OER potential and alkaline conditions.

Figure 10. Chronoamperometry measurement of Fe/Zeolite/CNT@CCNC (3) at 1.75V vs. RHE.
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2.10. BET Surface Area Analysis

The specific surface areas of Fe/Zeolite@CCNC (1) and Fe/Zeolite@CCNF (2) were
assessed using a HORIBA SA-9600 series multipoint BET Analyzer (Kyoto, Japan). Both
samples were degassed at 300 ◦C for 240 min to ensure the effective removal of ad-
sorbed gases without compromising the stability of the materials. BET specific surface
area measurements were carried out using three-point nitrogen adsorption at relative con-
centrations of 4.9%, 14.5%, and 28.5%. Surface area calculations were performed with
the integrated software of the HORIBA SA-9600 multipoint BET Analyzer, which uses
the multipoint Brunauer–Emmett–Teller model. The Fe/Zeolite@CCNC (1) had a spe-
cific surface area of 301.47 m2/g. Fe/Zeolite@CCNF (2) had a specific surface area of
120.39 m2/g. The higher surface area of Fe/Zeolite@CCNC (1) indicates that it is more
porous than Fe/Zeolite@CCNF (2). The higher electrochemical activity of Fe/Zeolite@CCNC
(1) correlates with its higher porosity and appears to be a contributing factor, making the
active Fe sites more accessible within the pore network. However, there may be other influen-
tial components derived from the crystalline form of nanocellulose that were transferred to
the final bionanocarbon composite. The Supplementary File contains the BET surface data
analysis for nanocomposites.

3. Materials and Methods
3.1. Materials

All chemicals were used as received without further purification. The following
chemicals were used to prepare the Nanocellulose-Zeolite-Fe nanocomposite. The Zeolite
ZSM-5 (400 m2/g, in a mole ratio of 30:1 SiO2:Al2O3) was purchased from Alfa Aesar,
Ward Hill, MA, USA; iron sulfate hexahydrate (FeSO4.7H2O) (ACS reagent, ≥99.0%) was
purchased from Sigma-Aldrich, Saint Louis, MO, USA; the nanocellulose materials were
produced at the USDA Forest Service Forest Products Laboratory (FPL), Madison, WI, USA.
Deionized (DI) water (>18.20 MI cm resistivity) was obtained from the Milli-Q® instrument
(Millipore Corporation, Burlington, MA, USA).

3.2. Production of Cellulose Nanomaterials

Cellulose nanocrystals and cellulose nanofibrils were produced at pilot scale at FPL,
and the procedures are described in detail elsewhere [42,43]. Briefly, CNCs were prepared
through the sulfuric acid hydrolysis of commercial softwood prehydrolysis Kraft dissolving
pulp, and the CNFs were produced via TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl)
oxidation of bleached Kraft Eucalyptus at pH 10 [44].

3.3. Synthesis of Fe/Zeolite@CCNC (1)

A total of 1.00 g of FeSO4 was added to a 20 mL beaker. 6H2O was dissolved in the
minimum volume of DI water (~5 mL). To this solution, 1.00 g of Zeolite was added, and
the suspension was stirred for 5 min. Afterward, 8.00 g of nanocellulose nanocrystals was
added to the suspension. The mixture was stirred with a spatula until a paste was formed.
The mixture was lyophilized for 24 h. The obtained white-green foam was carbonized in
a furnace at 800 ◦C under argon gas flow for 3 h at a heating rate of 5 ◦C/min. The black
product was removed from the furnace to cool down to room temperature and kept in a
glass vial for further use.

3.4. Synthesis of Fe/Zeolite@CCNF (2)

The composite was prepared as in (1) but using nanocellulose nanofibrils instead of
nanocellulose nanocrystals.
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3.5. Synthesis of Fe/Zeolite/CNT@CCNC (3)

The black powder obtained in (1) was mixed with 500 mg of multiwall carbon nan-
otubes using a mortar and pestle for 1 h.

3.6. Synthesis of Fe/Zeolite/CNT@CCNF (4)

The black powder obtained in (2) was mixed with 500 mg of multiwall carbon nan-
otubes using a mortar and pestle for 1 h.

3.7. Characterization of the Materials

The synthesized nanomaterial was characterized in a Bruker D8 Discover X-ray Diffrac-
tometer to obtain the powder X-ray diffraction (PXRD) patterns. The morphologies, mi-
crostructures, and elemental composition of the nanocatalyst were analyzed using trans-
mission electron microscopy (TEM, Model: Hitachi H-7650, Tokyo, Japan) and scanning
electron microscopy (SEM, Model: Hitachi SU-3500, Tokyo, Japan) equipped with energy-
dispersive X-ray spectroscopy (EDS) instruments. Elemental analysis color mapping was
performed using backscattering electron imaging. The XPS characterization was performed
using a Thermo Fisher Scientific instrument (Waltham, MA, USA), K alpha+, equipped
with an Al anode, the charge compensation was performed with an Argon flood gun, and
the chamber pressure was kept in the range 0.5–1 × 10−8 mBar.

3.8. OER Experimental Methods

RuO2, Fe/Zeolite@CCNC (1), Fe/Zeolite@CCNF (2), Fe/Zeolite/CNT@CCNC(3), and
Fe/Zeolite/CNT@CCNF (4) catalyst inks were prepared by mixing 1 mg of the catalytic
material with a mixture 1:1:3:0.1 of DIwater: Isopropanol: Ethanol: Nafion® solution. The
mixtures were homogenized under ultrasound for 1 h. Afterward, the prepared inks were
added to a cleaned glassy carbon electrode, loading approximately 0.3 and 1 mg/cm2 of
commercial RuO2 and iron-based catalysts, respectively. Then, the modified electrodes
were dried at room temperature for 30 min. OER electrochemical tests were completed by
running the inked glassy carbon electrode in a 10 min N2-purged 0.1 M KOH solution at
1600 rpm. The potential was swept between −200 and 1100 mV vs. 4 M KCl/Ag/AgCl
at a scan rate of 10 mV/s. OER electrochemical tests were performed using the rotating
electrode method.

3.9. Chronoamperometry Method

The chronoamperometry experiment was conducted over 20 h using a glassy carbon
working electrode, a platinum counter electrode, and a 3 M Ag/AgCl reference electrode. A
0.1 M KOH solution served as the electrolyte for the experiment. A 20 µL sample was drop-
casted onto the working electrode surface and allowed to dry at room temperature. The
potential was maintained at 1.75 V vs. RHE. The constant potential was used throughout
the test. The current density was measured over time.

3.10. Electrochemical Double-Layer Capacitance Studies

Electrochemical double-layer capacitance (EDLC) studies were conducted following
established reported methods [45].

3.11. BET Surface Area Analysis

The HORIBA SA-9600 series multipoint BET Analyzer was used to carry out the BET
surface area analysis. This instrument supports a specific surface measurement range
of approximately 0.01 to 2000 m2/g. The system operates based on the static volumetric
adsorption method. The samples were degassed at 300 ◦C for 240 min to ensure the effective
removal of adsorbed gases. BET specific surface area measurements were carried out using
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three-point nitrogen adsorption at relative concentrations of 4.9%, 14.5%, and 28.5%. Surface
area calculations were performed with the integrated software of the HORIBA SA-9600
multipoint BET Analyzer, which uses the multipoint Brunauer–Emmett–Teller model.

4. Conclusions
Our study presents a new class of highly efficient nanocatalysts for the electrochemical

water oxidation reaction. Using biocarbon derived from nanocellulose and incorporating
Fe–zeolite and CNTs in the composite significantly improved the catalytic activity of the
nanomaterial. Our findings demonstrate that the composite derived from nanocellulose
nanocrystals and CNT exhibits the highest catalytic activity for OER, with an onset potential
close to that of the reference material RuO2, but with an even lower overpotential, at
10 mA/cm2.

The synthesis of our nanocatalysts is straightforward and environmentally friendly,
using low-cost and abundant iron compared to precious metals such as Ru, Ir, and Pt,
which makes this material an economical alternative for performing OER. The thorough
characterization of the nanomaterials using advanced spectroscopic techniques, including
TEM, SEM-EDS, PXRD, and XPS, provides insight into the structural and chemical proper-
ties of the composite, further contributing to the understanding of the catalytic activity of
these materials.

Our results suggest that using biocarbon and incorporating CNTs into the nanocom-
posite can enhance conductivity and improve the connection between metallic particles,
resulting in higher electrocatalytic activity for OER. These findings pave the way for further
investigations into the design and development of biocarbon-based nanocatalysts for vari-
ous energy and electrochemical applications. Overall, our study offers valuable insights
into the development of efficient, low-cost, and sustainable catalysts for OER, a crucial step
toward achieving a sustainable energy future.
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