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is of N-doped graphene-oxide-
supported FeCo(OH)x nanosheets for efficient Co-
doped Fe3O4 nanoparticle-based oxygen reduction
reaction electrocatalysis†

Sunglun Kwon and Jong Hyeon Lee *

Developing efficient and cost-effective materials is crucial for advancing the electrochemical oxygen

reduction reaction (ORR). By introducing Co2+ ions into formamide, our method prevents rapid Fe2+

oxidation to Fe3+, promoting the formation of well-defined Fe3O4 nanoparticles rather than Fe2O3. This

study presents a synthesis route for high-performance spinel Fe and Co oxide nanoparticles on N-doped

reduced graphene oxide (NRGO). This solvothermal synthesis in formamide yields well-dispersed,

ultrafine FeCo(OH)x nanoparticles (∼5 nm) anchored on NRGO. These nanoparticles can be employed

for the formation of spinel FexCo3−xO4 oxide nanoparticles, potentially due to their high surface area and

strong interaction with the NRGO support. This, in turn, facilitates the successful decoration of highly

dispersed spinel FexCo3−xO4 oxide nanoparticles (∼30 nm) onto the NRGO support, even after

calcination at 900 °C, which represents the critical temperature for conventional graphitization. This

unique approach results in significantly reduced particle aggregation compared with that of conventional

methods. The (Co)Fe3O4-NRGO nanocomposite exhibits remarkable ORR activity, achieving an electron

number of ∼3.7 and a current density of 5.01 mA cm−2 at E = 0.75 VRHE, comparable to those of

commercial Pt/C catalysts. Furthermore, the catalyst exhibits remarkable stability, maintaining a reducing

current density that is 42% lower after 40 000 s of uninterrupted operation at 0.75 VRHE compared with

a 75% reduction observed with Pt/C. This exceptional performance is attributed to the strong interaction

between the (Co)Fe3O4 nanoparticles and NRGO, facilitated by the Co ion precursor during annealing.
Introduction

The increasing demand for clean-energy technology, particu-
larly fuel cells, has created a growing need for low-cost, high-
performance transition metal catalysts for the oxygen reduc-
tion reaction (ORR).1–5 The advancement of the electrochemical
ORR relies on the development of materials that are both effi-
cient and low-cost, as they can address crucial environmental
problems.5–9 ORR electrocatalysis is important in fuel cell
cathodes, spurring signicant research efforts to address its
limitations and enhance fuel cell efficiency and stability.10,11

ORR catalysis based on platinum-group metals is widely
employed; however, the high cost and poor durability of the
metals hinder their practical applications.9,11–14

Transition metal oxides, particularly spinel Co3O4 and its
inverse spinel counterpart Fe3O4, have emerged as attractive
alternatives to Pt/C catalysts for the ORR because of their cost-
versity of Korea, Bucheon, 14662, Korea.

ESI) available: XRD, photos, SEM, TEM,
K–L plots of (Co)Fe3O4–NRGO. See DOI:

f Chemistry 2024
effectiveness, inherent activity, and superior resistance to
particle aggregation, compared with Pt/C.15,16 Notably, Fe3O4

offers advantages over Co3O4 because of its earth abun-
dance.17,18 However, achieving high ORR performance with
Fe3O4 necessitates careful control of its structure and
morphology.19,20 Crystalline Fe3O4 nanoparticles with a single
phase are crucial for maximizing active sites, whereas small
particle sizes enhance surface area and mass transport.19–22

To address these limitations and unlock the full potential of
Fe3O4 for the ORR, we propose a synthetic approach based on
intermediate control. This method involves the transformation
of layered double hydroxide (LDH)-like Fe(OH)x intermediates
into well-dispersed, nanosized Fe(OH)x species anchored on N-
doped reduced graphene oxide (NRGO). This approach lever-
ages our previously demonstrated control over intermediate
hydroxide species.1 In our prior work, Co(OH)2 single layers
were employed to successfully decorate RGO, affording well-
dispersed Co3O4 nanoparticles, approximately 5 nm in size.1

This established method offers a promising strategy for
synthesizing spinel nanoparticles, such as Fe3O4, while pre-
venting particle aggregation even at high calcination
temperatures.
J. Mater. Chem. A, 2024, 12, 33799–33807 | 33799
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In conventional Fe3O4 nanoparticle synthesis, undesirable
byproducts may form when carried out in organic or aqueous
media, such as Prussian blue in the presence of CN− ions and a-
Fe2O3 in environments with excess O2.23–25 To overcome these
limitations and create precisely dened nanoparticles, this
study uses the intermediate control method. Through this
process, ultra-small FeCo(OH)x intermediate nanoparticles are
carefully grown on NRGO. This intermediate phase not only
supports the uniform distribution of nanoparticles but also
minimizes particle agglomeration, ensuring a stable and well-
dispersed catalyst structure. This approach offers several
advantages: (1) the prevention of particle aggregation during
high-temperature calcination, (2) the enhancement of ORR
electrocatalytic performance, (3) the improvement of crystal-
linity and single-phase magnetite formation, and (4) the
production of well-dened, small particles on the conducting
layer even at elevated temperatures (up to 900 °C). Additionally,
the incorporation of Co precursors simplies the process by
eliminating the need for a separate hydroxide synthesis step
and effectively prevents particle aggregation.

We introduce a solvothermal treatment to prepare LDH-like
FeCo(OH)x nanosheets on NRGO. Subsequent calcination at 900
°C, the critical temperature for conventional graphitization,
results in (Co)Fe3O4 spinel nanocrystals on highly graphitized
NRGO supports. This optimized temperature enables the
production of uniformly distributed spinel (Co)Fe3O4 nano-
particles (∼30 nm) on the NRGO support.

Scheme 1 illustrates the synthesis process, including the
formation of FeCo(OH)x nanosheets via the solvothermal reac-
tion, their anchoring on NRGO, and their subsequent calcina-
tion to form (Co)Fe3O4 nanoparticles uniformly deposited on
the NRGO. The Fe-only path introduces a mixture of Prussian
blue and Fe(OH)3, affording an irregular mixture of a-Fe2O3 and
Fe3O4. In this work, the incorporation of Co2+ in the Fe2+

precursor solution leads to the formation of an ultrathin LDH-
Scheme 1 Schematic illustration of FeCo(OH)x nanosheet precursor pre
This approach offers a controlled synthesis route compared to conventio
calcination of commercial magnetite.

33800 | J. Mater. Chem. A, 2024, 12, 33799–33807
like FeCo(OH)x phase on the NRGO surface and the production
of well-decorated spinel (Co)Fe3O4 on the NRGO sheet for ORR
electrocatalysis.
Results and discussion
Role of Co ions in the formation of (Co)Fe3O4-NRGO

The X-ray diffraction (XRD) pattern of (Co)Fe3O4-NRGO (Fig. 1A)
showed the successful formation of spinel (Co)Fe3O4 and the
absence of peaks corresponding to a-Fe2O3. This suggested the
successful inhibition of a-Fe2O3 formation during the calcina-
tion of FeCo(OH)x at 900 °C. The formation of intermediate
hydroxides and their calcined products was characterized by
XRD analysis. For comparison, a control group was prepared
without the addition of Co ions, affording Fe(OH)3 during the
solvothermal synthesis. The characteristic peaks of Fe(OH)3
were observed in the XRD pattern of Fe(OH)x–NRGO, which
corresponded to 17.4° and 34.8° (Fig. 1A). An additional broad
peak at approximately 24.5° was attributed to the glass holder.
The presence of NRGO was conrmed by the XRD peak at 43.2°
(Fig. 1A, labeled NRGO). This peak suggested the presence of
partially oxidized graphene sheets, likely due to the sol-
vothermal or cleaning processes.

Following calcination, a new peak appeared, as shown in
Fig. 1A (labeled G), corresponding to the characteristic diffrac-
tion peak (26.5°) of graphite. The XRD analysis of the Fe(OH)x–
NRGO composite aer calcination at 900 °C revealed a trans-
formation into a mixture of a-Fe2O3 and Fe3O4 phases. Addi-
tionally, the diffraction peaks corresponding to metallic iron
were observed in both samples. While Fe(OH)3 can be
a precursor to a-Fe2O3 and Fe3O4 under specic conditions, it
may decompose during the high-temperature calcination
process (900 °C), resulting in a mixture of a-Fe2O3 (33.2°, 35.7°,
49.4°, 53.9°, and 62.5°) and Fe3O4 (30.4°, 35.7°, 43.2°, 57.1°, and
63.1°). The XRD patterns of a-Fe2O3 and Fe3O4, including
paration and transformation into spinel (Co)Fe3O4 on a NRGO support.
nal methods that often lead to a mixture of a-Fe2O3 and Fe3O4 during

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 XRD patterns of (A) FeCo(OH)x–NRGO, Fe(OH)x–NRGO, (Co)Fe3O4–NRGO (calcined at 900 °C), and FeOx–NRGO (900). (B) (Co)Fe3-
O4−NRGO calcined at various temperatures (450–1200 °C). The inset specifies that G and GO represent graphite and graphene oxide,
respectively.
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reference data from the PDF le database, are provided in Fig.
S1† for comparison. The FeCo(OH)x–NRGO sample showed no
diffraction peaks, except for the NRGO support before calcina-
tion. However, dominant peaks for the calcined forms of the
(Co)Fe3O4 phases, 29.9°, 35.4°, 43.1°, 57.1°, and 62.4°, appeared
along with weak diffraction signals for metallic iron (44.8° and
65.0°). The result indicated that Co inuenced the formation of
the FeCo(OH)x phase, potentially promoting the phase transi-
tion to the spinel (Co)Fe3O4 phase during calcination.

The synthesis of the spinel (Co)Fe3O4 nanoparticles was
further supported by observations from the solvothermal reac-
tion conducted without the NRGO support (Fig. S1†). Interest-
ingly, the solvothermal reaction without the NRGO support did
not yield any precipitate aer 6 h; however, precipitation was
observed aer 12 h (Fig. S1A†). The transmission electron
microscopy (TEM) image of the 6 h sample might suggest the
presence of nanosheets within the colloidal solution, composed
of Co–Fe hydroxide (Fig. S1B†). However, without Co, the sol-
vothermal reaction afforded a predominant precipitate of a-
Fe2O3 (Fig. S1C†). This observation suggested that the presence
of Co caused the FeCo(OH)x nanosheet to suppress the forma-
tion of a-Fe2O3. The 12 h FeCo(OH)x sample, exhibiting initial
powder formation, contained both Fe(OH)3 and Prussian blue
phases according to XRD (Fig. S1C†). Aer calcination at 900 °C,
FeCo(OH)x transformed primarily into Fe3O4, as evidenced by
the XRD result (Fig. 1). However, the presence of metallic iron
likely stems from the partial reduction of iron oxides,
a common side reaction during high-temperature calcination.
Interestingly, commercially available Prussian blue also showed
metallic iron phases aer calcination at 900 °C (Fig. S2†),
similar to our (Co)Fe3O4–NRGO and (Co)Fe3O4 samples (Fig. 1,
S1, and S2†).

The XRD patterns of the FeCo(OH)x-NRGO samples calcined
at elevated temperatures revealed a shi in the (002) peak of the
NRGO component (Fig. 1B, labeled G(002)). This peak shied
from 24.1° to 26.5° as the calcination temperature increased
This journal is © The Royal Society of Chemistry 2024
from 450 °C to 900 °C, indicating improved graphitization of
the NRGO sheets. No further peak shi was observed above
900 °C, suggesting the completion of graphitization at 900 °C.
Additionally, severe particle aggregation on the NRGO was
observed at temperatures exceeding 1050 °C (Fig. S4†).
Achieving highly crystalline nanoparticles oen requires high
crystallinity in the supporting graphene.7,26 However, high-
temperature treatments typically used for graphene synthesis
can damage its crystalline structure.27 These high temperatures
can promote unwanted graphene-sheet breakdown, further
affecting the crystallinity of the nanoparticles grown on
them.27,28 Importantly, the XRD patterns of all samples exhibi-
ted diffraction peaks corresponding solely to the (Co)Fe3O4

phase, and no peaks for a-Fe2O3 were detected. Therefore, this
method offers a signicant advantage in decorating crystalline
spinel Fe3O4 nanocatalysis onto the highly graphitized NRGO
support, affording high ORR activity due to the synergistic effect
between the (Co)Fe3O4 nanoparticles and the conductive NRGO
sheet.

Scanning electron microscopy (SEM), high-resolution TEM
(HR-TEM), and scanning TEM were employed to investigate the
morphology, size distribution, and elemental distribution of
the as-prepared hydroxides and their corresponding calcined
products (Fig. 2). Both Fe(OH)x–NRGO and its calcined product
at 900 °C showed large aggregates on the NRGO supports (Fig.
S5†), probably due to fast aggregation of the Fe(OH)x phase
during the solvothermal reaction. In contrast, FeCo(OH)x–
NRGO showed ne particles smaller than 10 nm on the NRGO
surface. Notably, the calcined (Co)Fe3O4–NRGO exhibited well-
dispersed nanoparticles. The SEM results of the FeCo(OH)x–
NRGO composite depicted the uniform dispersion of the
FeCo(OH)x nanoparticles, averaging approximately 5 nm in size,
anchored on the NRGO sheets (Fig. 2A–C). Upon calcination at
900 °C, these particles transformed into (Co)Fe3O4 nano-
particles, exhibiting an average size of 20.1 ± 5.8 nm, while
maintaining excellent dispersion on the entire NRGO surface
J. Mater. Chem. A, 2024, 12, 33799–33807 | 33801
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Fig. 2 (A–C) SEM and TEM images of FeCo(OH)x—NRGO. (D–F) SEM and TEM images of Co(Fe3O4)–NRGO, and inset of (F) shows HR-TEM
lattice images. (G) Scanning transmission electron microscopy (STEM) image of Co(Fe3O4)–NRGO with the corresponding elemental mapping
images for Fe, Co, C and N (scale bar: 100 nm).
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(Fig. 2D and E). Energy dispersive X-ray spectroscopy (EDS)
validated the co-localization of Fe and Co within the (Co)Fe3O4

particles (Fig. 2G), indicating a well-dened mixed metal oxide.
X-ray photoelectron spectroscopy (XPS) was employed to

analyze the atomic chemical composition of FeCo(OH)x–NRGO
and (Co)Fe3O4–NRGO, specically focusing on investigating the
Fe and Co species through the photoelectric effect (Fig. S6†). A
comparison of the C 1s spectra between FeCo(OH)x–NRGO and
(Co)Fe3O4–NRGO (900 °C) revealed a pronounced disparity in
the relative intensities of C]C and C–C peaks. Notably, (Co)
Fe3O4–NRGO (900 °C) exhibited approximately 1.5 times higher
intensity for these peaks, indicating a signicant enhancement
in NRGO crystallization. This observation was consistent with
the calcination process, wherein the removal of oxygen and
hydroxyl groups facilitated C–C bond formation.

Conversely, the intensities of the C–O and C]O peaks were
approximately 4 times lower in (Co)Fe3O4–NRGO (900 °C) than
in FeCo(OH)x–NRGO, indicative of reduced oxygen functional-
ities (Fig. S6A†). The analysis of the Fe 2p3/2 spectra provided
insights into the oxidation states of iron in both FeCo(OH)x–
33802 | J. Mater. Chem. A, 2024, 12, 33799–33807
NRGO and (Co)Fe3O4–NRGO (900 °C). The presence of a peak at
709.9 eV in both samples conrmed the existence of Fe2+,
indicative of magnetite (Fe3O4) formation in the nal products.
Furthermore, the detection of Fe metal peaks at 707.5 and
708.4 eV in both samples suggested the coexistence of metallic
iron, a nding corroborated by XRD patterns, which identied
the presence of an iron metal phase (Fig. S6B†). O 1s analysis
revealed a peak at 530.5 eV in both FeCo(OH)x–NRGO and (Co)
Fe3O4–NRGO (900 °C), conrming the presence of metal–
oxygen bonding (Fig. S6C†). Co 2p analysis indicated weakly
detected Co peaks at 795.0 eV in the Co 2p spectra of both
FeCo(OH)x–NRGO and (Co)Fe3O4–NRGO (900 °C), suggesting
a low concentration of Co ions in the samples (Fig. S6D†).

Characterization of FeCo(OH)x nanosheets

Our unique synthesis method is presented for the fabrication of
FeCo(OH)x nanoparticles (approximately 5 nm) grown directly
onto NRGO. These FeCo(OH)x precursors successfully trans-
formed into well-dispersed (Co)Fe3O4 nanoparticles with an
average size of 20.1 nm during calcination. To gain a deeper
This journal is © The Royal Society of Chemistry 2024
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understanding of the FeCo(OH)x precursor structure and its
transformation mechanism, further characterization tech-
niques are warranted based on our previous studies.

Fig. 3A presents the thermogravimetric analysis (TGA) curves
of the FeCo(OH)x–NRGO and Fe(OH)x–NRGO composites at
temperatures between 50 °C and 900 °C. The Fe(OH)x–NRGO
sample underwent a rapid weight loss at temperatures between
220 °C and 290 °C, likely because of the decomposition of
layered hydroxide structures.1 This aligns with our previous
observations of a rapid weight loss at approximately 200 °C
associated with the collapse of hydroxide layers in thick-b-
Co(OH)2, releasing water molecules.1 In contrast, single-layered
Co(OH)2 on RGO had a relatively high decomposition temper-
ature because there was no layer collapse. Compared with
Fe(OH)x, which likely formed thick particles in Fe(OH)x–NRGO,
FeCo(OH)x showed a nanosheet behavior in FeCo(OH)x–NRGO,
as shown in the TGA curve. The TEM inspection strongly evi-
denced the thin-plate structure of FeCo(OH)x (Fig. 3B and C)
prepared under specic solvothermal conditions without the
NRGO support. This indicates the presence of few hydroxide
layers in FeCo(OH)x, leading to smaller (Co)Fe3O4 nanoparticles
compared with the large a-Fe2O3 particles obtained from the
Fe(OH)x particles on NRGO.

Compared with FeCl2 alone, which produced Fe(OH)x and
large a-Fe2O3 aggregates, the addition of CoCl2 in FeCl2
produced a transparent and red colloid without a signicant
aggregation (Fig. 3B). Further examination using HR-TEM
revealed diffraction patterns reminiscent of the (012) and
(018) peaks, akin to the LDH structure composed of Co2+–Fe3+

(Fig. S7A and B†).28,29 We suggest that the presence of Co2+

might induce the formation of a Co2+–Fe3+ LDH nanosheet,
leading to tight binding on a two-dimensional NRGO layer. The
presence of weakly layered regions within the Co2+–Fe3+ LDH
nanosheet accounted for the diffraction peaks observed at (012)
and (018), indicating preferential diffraction from these crys-
tallographic planes.28 Furthermore, the EDS mapping demon-
strates the overlapping regions of Fe and Co (Fig. S7C†).
Fig. 3 (A) TGA curves of FeCo(OH)x–NRGO and Fe(OH)x–NRGO under
after a 6 hour solvothermal reaction at 120 °C using only metal precursor
photographs of FeCo(OH)x solutions after different solvothermal reactio

This journal is © The Royal Society of Chemistry 2024
Contribution of Co2+ in FeCo(OH)x nanosheets

To elucidate the relationship between the Co2+ and Fe2+

precursors in this reaction, we investigated the actual atomic
ratio by inductively coupled plasma atomic emission spectros-
copy and compared it with the expected ratio based on the
solvothermal reaction. Interestingly, abnormal behavior was
observed when the experimental Co/Fe ratio (Coexp/Feexp)
ranged from 0.5 to 1. This deviated from the anticipated trend.
When the Coexp/Feexp ratio reached 0.5, the ndings supported
prior research indicating the substantial inuence of the Co2+

ions on the formation of the spinel (Co)Fe3O4 form. Addition-
ally, a high Fe content encouraged the development of bulk
Fe(OH)3 particles, resulting in the aggregation of the a-Fe2O3

phase (Fig. 1A and S8†). The optimal experimental ratio of Co to
Fe precursors (Coexp/Feexp) was 0.5, resulting in an actual Fe : Co
ratio of 2.75 : 0.25. At this ratio, XRD analysis conrmed the
successful incorporation of Co into Fe3O4, as expected (Fig.
S8A,† shown as a 2 : 1 ratio). However, when the Coexp/Feexp ratio
was reduced to 0.2 (corresponding to an actual Fe : Co ratio of
2.56 : 0.44), a-Fe2O3 was also observed in the XRD pattern (Fig.
S8A,† shown as 2.5 : 0.5). This suggested that a low Co content
enables the fast conversion of Fe(OH)x into a-Fe2O3, whereas
a high Co content favors the formation of spinel (Co)Fe3O4,
albeit at a relatively low rate. In contrast, when the Co ratio
exceeded 1, it fostered the autonomous formation of Co3O4, as
evidenced by the XRD pattern at a ratio of 1.5 : 1.5 (Fig. S8†).
Without the Fe ions (using only Co ions), small quantities of
Co3O4 were formed, as evidenced by a weak and slightly dif-
fracted peak at 36.7° (311) in the XRD pattern (Fig. S8†), which
was not prominent on the NRGO in the HR-TEM images
(Fig S9†).

This is likely due to the limited oxidation of Co2+ ions in our
solvothermal system. For the (Co)Fe3O4–NRGO samples, the
slight shi of the (311) diffraction peaks toward lower angles
supported the substitution of large Co2+ ions (radius = 0.69 Å)
compared with Fe3+ with high spin (radius = 0.60 Å) in the
a N2 atmosphere, along with (B) TEM images of the products obtained
s (FeCl2 and CoCl2 in a 2 : 1 ratio) and formamide without NRGO (inset:
n times).

J. Mater. Chem. A, 2024, 12, 33799–33807 | 33803
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spinel structure. Upon examining the reaction time depen-
dence, it was observed that the Co content peaked at 6 h in the
solvothermal reaction. This implied that the contribution of Co
gradually increased during synthesis, reaching its peak at 6 h.
Beyond this point, it was believed that the contribution of the Fe
ions became increasingly prominent as Prussian blue formed,
resulting from the decomposition of the solvent formamide and
its reaction with the Fe ions.

Additionally, XPS analysis (Fig. S6†) reveals a 0.3 eV positive
shi in the Fe3+ peak, from 711.2 eV in FeOx–NRGO(900) to
711.5 eV in (Co)Fe3O4–NRGO(900). This suggests modications
in Fe3+ within the Fe oxide particles of (Co)Fe3O4–NRGO(900).
This positive shi of Fe3+ upon doping with other transition
metals aligns with previous studies, as seen in the Cr-doped
Fe3O4 procedure published by Chen and co-workers.30 This
claim is further supported by the XRD pattern in Fig. S8B,†
which suggests the substitution of some Fe3+ ions with Co2+

ions due to their similar ionic radii.4,9 Therefore, the Co incor-
poration gave better ORR performance than FeOx–NRGO(900).
ORR activity of (Co)Fe3O4–NRGO(900)

The ORR activity of (Co)Fe3O4–NRGO(900) was investigated
using cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and chronoamperometry with a rotating disk electrode (Fig. 5,
S10 and 11†). Identical quantities of the samples were depos-
ited onto glassy carbon electrodes for the electrochemical
experiments. The CV measurements in O2-saturated and N2-
saturated 0.1 M KOH electrolytes revealed the electrocatalytic
activity for the ORR (Fig. 5A and S10A†). In contrast, (Co)
Fe3O4–NRGO(900) exhibited a more positive and well-dened
ORR peak at 0.87 V vs. RHE, indicating a higher half-cell
potential and potentially superior ORR activity compared
with those of FeOx–NRGO(900) and its counterparts incorpo-
rating (Mn, Ni, and Zn)FeOx–NRGO(900) (Fig. 5A and S10A†).
The relatively broad and less intense ORR peak observed for
Fig. 4 (A) Comparison of the expected atomic ratios of Fe and Co, derive
square brackets) determined by ICP-AES. (B) Actual atomic ratios obtained a

33804 | J. Mater. Chem. A, 2024, 12, 33799–33807
FeOx–NRGO(900) at 0.80 V vs. RHE can be attributed to the low
conductivity of the a-Fe2O3 phase (Fig. 1A and B). Fig. 5B and
S10B† display the ORR polarization curves obtained by sub-
tracting the N2-saturated background from the corresponding
CV curves. The onset potential and half-wave potential are
crucial indicators of the ORR catalytic activity (Table S1†). As
expected, (Co)Fe3O4–NRGO(900) exhibited a more positive
onset potential (0.95 V vs. RHE) and half-wave potential (0.86 V
vs. RHE) than FeOx–NRGO(900), other metal-incorporated
FeOx–NRGO (Mn, Ni, and Zn), and bare NRGO(900). For (Co)
Fe3O4–NRGO(900), a region characterized by mixed kinetic and
diffusion control was observed between 1.0 and 0.7 V versus
RHE, followed by a region mainly limited by oxygen transport,
as evidenced by the increase in current with higher electrode
rotation rates (Fig. S11†). Conversely, FeOx–NRGO(900) dis-
played signicantly low ORR activity due to the presence of
ORR inactive phases, likely including a-Fe2O3 (Fig. 5A–D and
S2D–F†). In comparison, commercial Pt/C exhibited a mixed
kinetic and diffusion-controlled region at higher electrode
rotation rates (Fig. S12†).

Fig. 5D presents bar charts comparing the ORR activity, as
determined from the LSV curves (Fig. 5B and S10B†), of (Co)
Fe3O4–NRGO(900) on a glassy carbon electrode to those of bare
NRGO(900), FeOx–NRGO(900), other metal-incorporated FeOx–

NRGO catalysts (Mn, Ni, and Zn), and commercial Pt/C (20 wt%
Pt). The specic metrics evaluated included current density at
0.75 V vs. RHE and potential at a current density of 2.5 mA cm−2

(Co)Fe3O4–NRGO(900) exhibited a potential of 0.87 V vs. RHE at
2.5 mA cm−2 and a current density of 5.01 mA cm−2 at 0.75 V vs.
RHE. These values were comparable to the 0.88 V potential and
5.16 mA cm−2 current density observed for commercial Pt/C,
demonstrating comparable ORR performance (Fig. 5D).

Beyond Co, this work investigated the inuence of other
dopant elements (Mn, Ni, and Zn) on ORR activity in our inter-
mediate control approach. While the SEM images shown in Fig.
d from the reactant precursors, with the actual atomic ratios (shown in
t different solvothermal reaction times for a Coexp/Feexp feed ratio of 0.5.

This journal is © The Royal Society of Chemistry 2024
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S13B† conrm the formation of well-crystallized particles on
NRGO for (Mn)FeOx–NRGO(900), its ORR performance deviates
from that of (Co)Fe3O4–NRGO(900). (Mn)FeOx–NRGO(900)
exhibited a potential of 0.84 V vs. RHE at 2.5 mA cm−2, compa-
rable to that of (Co)Fe3O4–NRGO(900) (0.87 V vs. RHE). However,
Mn doping offered a less pronounced enhancement in ORR
activity compared with Co (Table S1†). Conversely, (Ni)FeOx–

NRGO(900) displayed inferior ORR activity compared with bare
FeOx–NRGO (Fig. 5A and Table S1†). This suggested minimal to
no positive effect of Ni incorporation within the Fe(OH)x inter-
mediate system. Finally, (Zn)FeOx–NRGO(900), as shown in Fig.
S13F,† exhibits bulk particle formation, rendering it inactive for
ORR catalysis. These observations collectively highlight the
crucial role of Co incorporation within our intermediate control
system for optimizing ORR performance.

FeCo(OH)x–NRGO exhibited a lower ORR potential (0.68 V vs.
RHE) than (Co)Fe3O4–NRGO(900) (0.87 V vs. RHE) at 2.5 mA
cm−2, likely because of the inherently low electrical conductivity
of the hydroxide phase relative to the (Co)Fe3O4 nanocrystals
dispersed on the NRGO support (Table S1†). The absence of the
Fig. 5 ORR polarization curves and kinetics of the electrochemical cataly
with NRGO(900), FeOx–NRGO(900) and (Co)Fe3O4–NRGO (Mn)Fe
commercial Pt/C. The ORR kinetics of samples with NRGO(900), FeOx–
curves were recorded in 60 mL of 0.1 M KOH electrolyte solution under O
line) at a scan rate of 25 mV s−1. The LSV curves were recorded in the sam
1600 rpm. (D) Bar chart depicting the ORR kinetic current density at 0.75 V

This journal is © The Royal Society of Chemistry 2024
Fe3O4 phase in FeCo(OH)x–NRGO, as conrmed by TEM images
(Fig. 2A–C) and TGA analysis (Fig. 4A), directly translates to poor
ORR activity, as evidenced by its high onset potential of 0.84 V
vs. RHE (Fig. S14 and Table S1†). This highlights the critical role
of Fe3O4 in facilitating efficient oxygen reduction. As shown in
Table S1,† these differences are reected in the signicantly
higher onset and half-wave potentials observed for FeCo(OH)x–
NRGO compared to those of (Co)Fe3O4–NRGO(900). To further
understand the reaction kinetics, Tafel slope analysis was
employed for the ORR process. The Tafel slope is measured in
the kinetic-controlled region in the range between 1.0 V and
0.8 V. A low Tafel slope signies fast electron transfer kinetics
and high intrinsic activity. As expected, (Co)Fe3O4–NRGO(900)
exhibited the lowest Tafel slope (−59 mV dec−1) compared with
Pt/C (−81 mV dec−1), FeOx–NRGO(900) (−103 mV dec−1), (Mn)
FeOx–NRGO(900) (−83 mV dec−1), (Ni)FeOx–NRGO(900) (−82
mV dec−1), (Zn)FeOx–NRGO(900) (−160 mV dec−1) and
NRGO(900) (−114 mV dec−1). This indicated that (Co)Fe3O4–

NRGO(900) enabled the fastest ORR. This Tafel slope analysis,
coupled with the positive onset potential of (Co)Fe3O4–
sis. (A) CV, (B) LSV curves, and (C) Tafel plots of GC electrodes modified
Ox–NRGO(900), (Ni)FeOx–NRGO(900), (Zn)FeOx–NRGO(900), and
NRGO(900), (Co)Fe3O4–NRGO and Pt/C are shown in (A)–(C). The CV

2-saturated conditions (solid line) and N2-saturated conditions (dashed
e electrolyte solution at a scan rate of 5 mV s−1 with a rotation rate of

vs. RHE and the required potentials for J= 2.5 mA cm−2 for the samples.

J. Mater. Chem. A, 2024, 12, 33799–33807 | 33805
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NRGO(900), suggested its exceptional potential as a high-
performance ORR electrocatalyst (Fig. 5C and S10C†).

Furthermore, our high-temperature calcination (above 900 °
C) successfully produced electrochemically active (Co)Fe3O4

nanocrystals on the NRGO layer without signicant aggregation
or damage to the graphene layers (Fig. 1A, B and 2A–F). This
method offers a valuable strategy for synthesizing Fe3O4 at high
temperatures while suppressing the formation of less active a-
Fe2O3 (Fig. S4†). Koutecky–Levich (K–L) plots were employed to
evaluate the electron transfer number (n) for the ORR process
on (Co)Fe3O4–NRGO(900) (Fig. S11†).1,4,9 The electron transfer
number of 3.70 for (Co)Fe3O4–NRGO(900) supports its excep-
tional ORR performance, suggesting a near-complete reduction
of oxygen to water. Chronoamperometric measurements at
0.75 V vs. RHE (Fig. S10D†) revealed the outstanding stability of
(Co)Fe3O4–NRGO(900). Compared with Pt/C (75% decrease), the
(Co)Fe3O4–NRGO(900) hybrid exhibited a signicantly lower
current density decay (42%) over a prolonged 40 000 s test,
demonstrating superior long-term stability. Fuel cells can
utilize methanol as a fuel through both oxidation and reduction
reactions. More importantly, methanol crossover, a major
challenge in direct methanol fuel cells (DMFCs), can poison
catalysts and hinder performance. Therefore, developing cata-
lysts with high methanol tolerance is critical in DMFCs. We
evaluated the methanol tolerance of (Co)Fe3O4–NRGO(900) and
Pt/C by introducing 1 mL of methanol into an O2-saturated
electrolyte at 200 s (Fig. 6). Notably, the ORR current density of
(Co)Fe3O4–NRGO(900) remained stable, indicating a negligible
impact from methanol. Conversely, Pt/C exhibited a sharp
decrease in current, highlighting its susceptibility. This supe-
rior methanol tolerance suggests that (Co)Fe3O4–NRGO(900)
holds promise as a DMFC electrocatalyst. Additionally, to
further evaluate the surface poisoning of the catalyst, ORR
performance was measured aer the addition of 10 mM KSCN
to 0.1M KOH (Fig. S15†). For (Co)Fe3O4–NRGO(900), the current
density decreased by 13.4% at 0.7 V, while for FeOx–NRGO(900),
it decreased by 73.4% at the same potential. The half-wave
potential (E1/2) dropped by only 0.04 V for (Co)Fe3O4–

NRGO(900) (from 0.86 to 0.82 V) but by a larger 0.21 V for FeOx–
Fig. 6 Chronoamperometric responses for the ORR at 0.75 V vs. RHE
with a rotation rate of 200 rpm following the addition of 1 mL of
methanol (99.9%) for Pt/C and (Co)Fe3O4–NRGO(900).

33806 | J. Mater. Chem. A, 2024, 12, 33799–33807
NRGO(900) (from 0.91 to 0.70 V). This suggests that the Co ions
are uniformly integrated into the Fe3O4 lattice, reducing SCN−

adsorption on exposed iron oxide nanoparticles.31–33

Our results demonstrate that (Co)Fe3O4–NRGO(900) exhibits
competitive ORR performance and superior stability compared
with the commercial Pt/C catalyst. This highlights the effec-
tiveness of our approach, which utilizes the initial formation of
nanosized FeCo(OH)x–NRGO and its high-temperature trans-
formation into crystalline, electrochemically active magnetite
nanoparticles on NRGO. The high double-layer capacitance of
(Co)Fe3O4–NRGO(900) likely stems from its large surface area,
contributing to its excellent performance. Additionally, it
requires low activation energy for charge transportation, further
enhancing its practicality. These gures-of-merit compare
favourably with those exhibited by Ni catalysts at various calci-
nation temperatures, as well as Ni supported on reduced gra-
phene oxide.34 At 450 °C, the E1/2 value reaches 0.800 V, which is
comparable to that of our sample. Notably, unlike many other
nanocomposite (N)rGO samples, our sample retains high ORR
efficiency even at the critical temperature of 900 °C.

Conclusions

This approach involved the high-temperature calcination of
nanosized FeCo(OH)2 nanosheets deposited on NRGO. Both the
(Co)Fe3O4 nanoparticles and the NRGO support retained excel-
lent quality aer high-temperature calcination (900 °C), exhib-
iting no signs of severe aggregation or breakdown, which is
critical for optimal ORR electrocatalysis. Interestingly, TGA
analysis revealed the presence of CoFe LDH nanosheets as the
initial species deposited on NRGO. This transformation facili-
tated their efficient decomposition into well-dispersed Co(Fe3O4)
nanoparticles at high temperatures. The presence of Co2+ in this
system played a crucial role in the formation of the LDH nano-
sheet phase. It prevented the formation of less-active a-Fe2O3 by
promoting the rapid oxidation of iron hydroxide precursors. Our
approach offers a simple and effective method for decorating
NRGO with electrochemically active magnetite nanoparticles.
The intimate interaction between the Co-doped Fe3O4 nano-
crystals and the porous NRGO support, likely due to covalent
coupling, signicantly enhanced the catalyst's ORR perfor-
mance. This is evident from the low onset potential of 0.95 V vs.
RHE, the high electron transfer number of 3.7, and superior
stability compared with those of commercial Pt/C. This method,
applicable to various layered metal hydroxide precursors, holds
promise for the development of improved ORR catalysts sup-
ported on graphene-based materials.

Experimental

Detailed experimental procedures can be found in Section S1 of
the ESI.†

Data availability

The data supporting this article have been included as part of
the ESI.†
This journal is © The Royal Society of Chemistry 2024
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