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ABSTRACT: Fe0-based materials exhibit great power in removing
heavy metals, but their passivation issues remain a challenge.
Guided by the synergistic effects within bimetallic modifications, a
novel reductive FeMg bimetallic nanocomposite (FeMg/NC) was
constructed using flash Joule heating technology. The ultrafast
heating and quenching process achieved a phase-fusional structure
comprising Fe0 and Mg0 encapsulated in the resulting aromatic-
carbon layer. Incorporation of highly reductive Mg0 into Fe0-based
material led to an approximately 2−3 times enhancement in
pollutant removal efficiency compared to monometallic nano-
composites. Experiments and theoretical calculations revealed that
this augmented removal efficiency arose from the FeMg dual-site
synergistic effect, facilitating the interaction between FeMg/NC
and the targeted pollutants. That is, adsorption led to the directional inward diffusion of pollutants, and the outward release of
electrons from this formed phase-fusion structure was accelerated via the electron delocalization effect. Therefore, FeMg/NC
exhibited excellent removal capacities for typical heavy metals (including Cr(VI), Sb(V), Ni(II), and Cu(II)). This study
demonstrates the flexibility of Joule heating technology for constructing bimetallic nanocomposite, which can effectively address
heavy metal pollution and opens up endless possibilities for developing more impactful environmental remediation materials.
KEYWORDS: zero-valent iron, bimetallic modification, flash Joule heating, heavy metals removal

■ INTRODUCTION
The unregulated discharge of heavy metal-containing waste-
water (such as Cr(VI), Sb(V), Ni(II), and Cu(II)) from
mining, printing and dyeing, and other human activities, poses
a severe threat to the self-operation of the ecosystem.1,2 Fe0-
based materials are recognized as excellent electron donors and
reductants for environmental remediation due to their strong
reactivity.3−5 Notwithstanding these merits, their efficiency in
heavy metal removal remains unsatisfactory due to passivation
and aggregation issues encountered in practical applications.6,7

To address this limitation, an effective strategy involves
incorporating a secondary metal to form Fe-based bimetallic
nanoparticles, thereby enhancing their pollutant removal
activity via the formed galvanic effect or hydrogen atom
generation.8−10 However, most metals with positive redox
potential or catalytic properties, such as Pd, Pt, Ag, Cu, Ni, and
Pb, are often limited by cost or toxicity.11−13 Therefore, it is
imperative to select cost-effective and environmentally friendly
metals for bimetallic modification.

As an abundant element on earth, eco-friendly magnesium
(Mg) easily achieves the above goals.14 Moreover, Mg0 (E0 =
−2.36 V) exhibits a lower standard electrode potential than Fe0
(E0 = −0.44 V) in theory, rendering it more favorable for the
reduction of refractory contaminants.15,16 However, conven-
tional methods for preparing Fe0-based materials, such as
carbothermal reduction, H2 reduction, and NaBH4 reduction
methods, have a negligible impact on the development of Mg
activity.17 These methods typically result in aggregated high-
valent Mg (such as MgO), weakening its strong chemical
reducibility and leading to a low efficiency in applications.
Recently, carbon-assisted flash Joule heating (FJH), a facile

and scalable technology, has demonstrated great potential for
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rapidly synthesizing reductive Fe/carbon nanocomposites with
a unique millisecond heating and quenching process.18,19 In
this paper, we aim to introduce and enhance Mg activity with
the assistance of FJH technology to fabricate highly reductive
FeMg bimetallic nanocomposites (FeMg/NC) on a carbon
matrix. First, it can be predicted that the crack of chemical
bond in the Fe/Mg-containing precursors will form high
chemical activity components (such as Fe0 and Mg0) in the
rapid heating process (∼50 ms, >3000 K) and then
subsequently undergo a phase-solid-melt reaction to form the
bimetallic structure.20 This phase-fusional structure is expected
to reinforce atomic orbital hybridization, improving the
reductive capacity via electron delocalization.7,21 Additionally,
the rapid quenching process is likely to hinder the aggregation
of these components, facilitating the production of highly
reactive metal particles with minor sizes.22 Moreover, the
ultrahigh temperature and electric shock action can convert the
carbon matrix into graphene to sustain both the high stability
and activity of these reductive components.18,23 However, it is
imperative to verify whether the obtained material can enhance
the pollutant removal ability. In this regard, the mechanism of
the pollutant removal enhancement must be clarified.
Accordingly, FeMg/NC was synthesized using FJH tech-

nology to (1) examine the effect of bimetallic modification on
the removal ability of typical heavy metal-containing waste-
water (including Cr(VI), Sb(V), Ni(II), and Cu(II)); (2)
investigate the interactions between their structural evolution
and corresponding heavy metal removal performance; and (3)
explore the mechanism involved in bimetallic modification for
removing these pollutants. Finally, as a proof of concept,
simulated heavy metal-containing wastewater was employed to
showcase the great potential of FeMg/NC for practical
applications.

■ MATERIALS AND METHODS
FJH-Induced Synthesis of FeMg Bimetallic Nano-

composite. Details of the used chemicals and materials were
provided in Text S1 (Supporting Information). For the
sustainable production of reductive materials, 0.1 g of prepared
raw material was put into a quartz tube and compressed with
copper electrodes to reduce the raw material resistance (Text
S2 and Table S1). Then, this raw material was subjected to
FJH in a vacuum desiccator (∼0.6 psi) to avoid sample
oxidation and operated twice consecutively at the desired
discharge voltage (250 V). In the typical process, the raw
materials were driven by the generated current to emit dazzling
visible light and showed a uniform temperature distribution in
the quartz tube (Figures S1−S4). This flash reaction lasted less
than 50 ms from the start to the end, realizing the key two
steps involving rapid heating to about 2940 K and quenching
to room temperature. After the FJH reaction, the obtained
samples were collected and named as X/NC (including Fe/
NC, Mg/NC, and FeMg/NC), and X represents the different
types of metal salts. Notably, the sample derived directly from
the parent hydrochar after FJH treatment was denoted as
shockchar.

Characterizations of Materials. The morphologies and
elemental distributions of these samples were recorded by
using a high-resolution transmission electron microscope (HR-
TEM, Tecnai G2 F20 S-Twin, FEI, USA) equipped with
energy dispersive X-ray spectrometry (EDX) and high-angle
annular dark-field (HAADF) images. The ingredients and
crystalline phase of samples were performed by X-ray

diffraction (XRD, Ultima IV, Rigaku, Japan) with Cu Kα
radiation at 40 kV and 40 mA in the 2θ range of 10−90°. The
element species of samples were measured by X-ray photo-
electron spectroscopy (XPS, ESCALAB 250 XI, Thermo,
USA) at a base pressure of 10−8 to 10−10 mbar. The binding
energies of high-resolution spectra were calibrated at a C 1s of
284.6 eV. The graphitization degree of samples was carried out
using an XploRA Raman spectrometer with a 532 nm (5 mW)
laser source. The surface area and porosity of samples were
acquired by N2 adsorption/desorption at 77 K using a
Quantachrome Autosorb iQ2 instrument. Electrochemical
tests (Tafel scans and Electrochemical Impedance Spectros-
copy (EIS) curves) of these samples were recorded by using an
electrochemical workstation (CHI-600E, Chenhua, China,
Text S3). The test methods of the voltage, current, and
temperature profile in the FJH process have been reported in
our previous work.24 Other characterizations used to simulate
the temperature distribution in the FJH process were also
detailed in Text S4 and Table S2.

Batch Experiments. To explore the versatility of the
FeMg/NC sample, several representative heavy metals
(including Cr(VI), Sb(V), Ni(II), and Cu(II)) were adopted
in the batch experiments. The Cr(VI) removal experiments
were first performed in an oxygen-free aqueous solution at
room temperature. The initial pH value of the Cr(VI) solution
was adjusted to 4.0. Typically, the reactants (1 g/L) were
added into a serum bottle with 40 mL of Cr(VI) solutions (20
mg/L). Then, the supernatant was collected by filtration using
a 0.22 μm nylon syringe filter at certain intervals for analysis of
the Cr(VI) concentration. After the reaction, the reactants
were also collected for further characterization. Notably, the
batch removal experiments of other heavy metals (including
Sb(V), Ni(II), and Cu(II)) were similar to those of the Cr(VI)
solution. The only difference was that the reactants (1 g/L)
were added to a serum bottle containing 10 mg/L Sb(V), 10
mg/L Ni(II), and 20 mg/L Cu(II) solutions, respectively.
In addition, taking the removal of Cr(VI) as an example, the

effect of environmental factors on the pollutant removal
efficiency by the FeMg/NC sample was investigated. Batch
removal experiments of Cr(VI) were conducted with different
pH values (3−11), doses (0.5−2 g/L), and solution
atmospheres (Ar and air). The pH value of the solution was
adjusted with NaOH and HCl. These experiments were
performed in triplicate, and the averaged results were
presented.
Further, the potential of the FeMg/NC sample was explored

through the removal experiment of simulated heavy metal-
containing wastewater. In this paper, the simulated wastewater
can be traced to some published literature.25,26 Briefly, the
initial Cr(VI), Sb(V), Ni(II), and Cu(II) concentrations of
simulated wastewater were set to 5 mg/L, with 10 mg/L humic
acid as the natural organic matter (NOM), and 1 mmol/L
NaHCO3, 1 mmol/L Na2SO4, 5 mmol/L NaCl, and 0.8
mmol/L CaCl2 as the background electrolytes.

Analytical Methods. The concentration of Cr(VI) was
measured with the 1,5-diphenylcarbazide colorimetric meth-
od.7 Total dissolved Fe and dissolved Fe(II) concentrations
were quantified using the 1,10-phenanthroline colorimetric
method.21 The Cr, Mg, Ni, Cu, and Fe concentrations were
measured by inductively coupled plasma mass spectrometry
(ICP-OES, PerkinElmer Optima-8000). The Sb concentration
was measured using a hydride generation-atomic fluorescence
spectrometer system (HG-AFS) coupled with an AFS-8520
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spectrometer (Beijing Haiguang Instrument CO., China).
Details for density functional theory (DFT) theoretical
calculation were further provided in Text S5.

■ RESULTS AND DISCUSSION
Influence of Bimetallic Modification on the Removal

of Heavy Metals. As illustrated in Figure 1a, the
instantaneous ultrahigh temperature triggered by the FJH
reaction was successfully used to fabricate the FeMg/NC
sample with a phase-fusional structure. The feasibility of the as-
prepared FeMg/NC sample was first evaluated for removal of
typical heavy metal pollutants, including Cr(VI), Sb(V),
Ni(II), and Cu(II). Compared with the Mg/NC and Fe/NC
samples, the highly reductive FeMg/NC sample exhibited an
excellent removal efficiency for these pollutants (inset: Figure
1a and Figures S5−S8), which may be attributed to the
intrinsic structural differences caused by the bimetallic
modification. Impressively, these pollutant removal capacities
of the FeMg/NC sample reached 141 mg Cr/g metal, 77.7 mg
Sb/g metal, 78.5 mg Ni/g metal, and 163.3 mg Cu/g metal,
which were higher than those of reported materials (Figure
1b,c and Tables S3−S6).7,21,27−41 This may be ascribed to the
effective enhancement of Mg activity by FJH technology,
resulting in a phase-fusional structure that can effectively
interact with the target pollutants.19 Notably, the reduction of
these heavy metals were accompanied by many competitive
reactions, such as oxygen reduction, hydrogen evolution, and
reactions with other coexisted impurities.42 Although the
standard electrode potential of Mg0 is lower than that of Fe0,
the reductive removal of Cr(VI) by Fe/NC was higher than
that of Mg/NC (Figure S5).
As shown in Figures S5 and S8, the pollutant removal curves

conformed to pseudo-first-order reaction kinetic equations,

indicating that these reactions were mainly chemisorption.
Bimetallic modification improved the removal rate of these
pollutants to more than 2 times that of the unmodified
materials. Considering that BET surface area might influence
the heavy metal removal performance,7 we calculated the BET
surface area normalized heavy metal removal rate constant k′
(Text S6). As shown in Figure S9, the k′ value of the FeMg/
NC sample was also higher than that of Fe/NC and Mg/NC
samples, excluding the contribution of BET surface area
enhancement to the removal performance of these heavy
metals. In addition, the adsorption effect of shockchar sample
for these pollutants was only 5−10%, indicating that it only
provides adsorption sites in pollutants removal (Figure S10).19

The versatility of the FeMg/NC sample is also a key
indicator for wastewater treatment. Benefiting from the oxygen
resistance of the carbon layer, there was no prominent
difference in the removal efficiency of Cr(VI) under anaerobic
and aerobic conditions (Figure S11a).19 Figure S11b shows the
removal rate of Cr(VI) at the reaction equilibrium under
different initial pH conditions. Although a similar pH-
dependent reactivity was observed for the FeMg/NC sample,
it still exhibited an excellent Cr(VI) removal ability within 60
min at different pH values, indicating that the FeMg/NC
sample could significantly promote Cr(VI) removal over a
wide pH range. In addition, the number of adsorption and
reduction sites is usually related to the dosage of material.12 As
shown in Figure S12, when the dosage of the FeMg/NC
sample was increased to 2 g/L, the removal efficiency of
Cr(VI) was significantly increased to 97.6%. In summary, it can
be inferred that the structural changes caused by bimetallic
modification may be the main reason for the improved removal
ability of the FeMg/NC sample for typical heavy metals.

Figure 1. Synthesis and heavy metal removal capacities of FeMg bimetallic nanocomposites (FeMg/NC). (a) Schematic diagram for the
mechanism of synthesizing FeMg/NC by carbon-assisted flash Joule heating (FJH) technology (involving the FJH process and removal efficiency
of various heavy metals by FeMg/NC sample). Comparison of (b) Cr(VI) and Sb(V), and (c) Ni(II) and Cu(II) removal capacities for the FeMg/
NC sample and previously reported ones (The semisolid shape marked with green represent the modified ZVI samples and the solid shape marked
in blue represent the bimetallic samples. The detailed information on these materials was shown in Tables S3−S6).
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Effect of Bimetallic Modification on the Evolution of
Reductive Structure. To understand the impact of the
bimetallic modification on the removal of these heavy metals,
the structural evolution of the FeMg/NC sample during the
FJH process was further analyzed. As presented in Figure 2a,b
and Figure S13, the morphology of the FeMg/NC sample was
similar to those of the Fe/NC and Mg/NC samples. It mainly
maintained a quasi-spherical shape, indicating the flexibility of
the Fe and Mg architecture evolution during the FJH reaction.
However, the incorporation of Mg and Fe into the Fe−Mg
framework increased the slight changes in its diameter or
length (Figure S14), which may be caused by the nucleation
and growth of the interactions between these metal elements
during the FJH process.43 Furthermore, the element mapping
image in Figure 2c reveals a highly uniform distribution of Fe
and Mg, confirming the homogeneous dispersion of both the
Fe and Mg metal centers within the same framework of the
FeMg/NC topology rather than a simple mixture. This unique
ultrafast heating/quenching function of the FJH reaction
facilitates the fusion between Fe and Mg, which is beneficial for
enhancing the atomic orbital hybridization ability and
improving the reduction ability via the electron delocalization
effect.44,45

In the HAADF image, certain bright cores were observed in
various samples without significant color differences, corre-
sponding to Fe0 or Mg0 (Figure 2c and Figure S15). In
addition, the atomic-scale TEM image and the corresponding
fast Fourier transform (FFT) pattern exhibited perfect
crystallinity with lattice spacing (0.24 and 0.22 nm), matching
well with the Mg (101) and Fe (110) facet, which was

consistent with the XRD patterns (Figure 2b,d and Figure
S16). Furthermore, the XPS spectra indicated an abundance of
Mg and Fe species, primarily involving Fe0, Mg0, and their
oxides (Figure S17 and Table S7). These reductive
components, resulting from the breaking of chemical bonds
of the Fe- and Mg-containing precursors in the rapid heating
process, exhibited an indelible role in the removal of the
aforementioned heavy metals. Notably, certain metal oxides are
also inevitably produced simultaneously during the thermal
decomposition of these metal precursors, which is conducive
to the adsorption of pollutants.12

In addition, the HAADF images clearly indicated an absence
of a dense oxide shell in these metal nanoparticles, which was
consistent with the scattering distribution of the O and the
mapping of overlapping elements contained in O, Fe, or Mg
(Figure 2c and Figure S15). This unique structure that broke
the insulation of the oxide layer was conducive to improving
the electron transfer efficiency between the FeMg/NC sample
and pollutants. Importantly, the aromatic-carbon layer formed
by the parent carbon-based support during the FJH process
(Figure S18 and Table S8) can maintain the stability and
activity of these reductive components internally and complete
the external adsorption of target pollutants.19 As confirmed by
the HR-TEM images (Figure 2b and Figure S16), the metal
nanoparticles were tightly encapsulated by the formed
aromatic-carbon layer. Therefore, the Mg/NC, Fe/NC, and
FeMg/NC samples exhibited outstanding stability, as validated
by their high Cr(VI) removal reactivity even after exposure to
air for three months (Figure 2e). Generally, these surface
stabilizers hinder the electron transfer of the Fe core to the

Figure 2. Electro-microscopy and surface chemical property analysis. (a) TEM images of FeMg/NC. (b) High-resolution transmission electron
microscopy (HR-TEM) images of FeMg/NC sample. (c) High-angle annular dark-field (HAADF) images of FeMg/NC sample and the
corresponding elemental mapping of Mg, Fe, O, C, and their overlapped image. (d) XRD patterns of Mg/NC, Fe/NC, and FeMg/NC samples,
respectively. (e) Stability analysis of various samples during Cr(VI) removal (note: all the samples are exposed to the air for 3 months). (f) Tafel
curves of Mg/NC, Fe/NC, and FeMg/NC samples, respectively.
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pollutant.46 However, the FeMg/NC sample presented a faster
corrosion rate, as this sample exhibited a higher negative free
corrosion potential (−1.104 V) than Fe/NC and Mg/NC
samples (−1.080 and −1.097 V) in an aqueous environment
(Figure 2f).7 As shown in Figure S19, the lower resistance
behavior induced by bimetallic modification also accelerated
the electron transfer, resulting in excellent heavy metal removal
performance of the FeMg/NC sample.42,47 In conclusion, the
flexibility of the Fe and Mg architecture evolution was
endowed by FJH technology to form a highly reductive
phase-fusional structure, which is key to improving the heavy
metal removal ability of FeMg/NC sample.
Inspired by the aforementioned results and discussion, we

evaluated the impact of the internal structural evolution of the
FeMg/NC samples on their reduction performance by
precisely regulating the FJH parameters and the metal loading
ratio. Multiple discharge voltages, ranging from 150 to 250 V,
were first adopted to assess the Cr(VI) removal of the obtained
FeMg/NC samples. As illustrated in Figure S20, the FeMg/
NC sample prepared at a high-voltage (250 V) exhibited
excellent reduction efficiency. This is because increasing the
discharge voltage increases the input power of the system,
resulting in a higher reaction temperature and inducing a more
intense FJH reaction (Figures S21 and S22). This high
temperature can more easily promote the fusion of Fe and Mg
in the FeMg/NC sample, increasing their active sites within a
unit of the BET surface area, as confirmed by XPS analysis, the
BET surface area, and Tafel curves (Figures S23−25 and Table
S9). In addition, the redox potential of Mg is lower than that of
Fe, which may improve the reduction capability of the FeMg/
NC sample to a certain extent.15 The subsequent Tafel results

can support this inference (Figure S26). As depicted in Figure
S27, the larger BET surface area was corresponding to the
more incorporated active, which was conducive to promoting
sufficient exposure of the active sites (Figure S28 and Table
S10).2 Ultimately, the removal efficiency and rate constant k′
of Cr(VI) can be effectively improved by regulating the ratio of
Fe and Mg in the FeMg/NC samples (Figure S29).

Reduction Adaptability of Fe/Mg Bimetallic Nano-
composite in Heavy Metal Removal. As expected, the
concentration trend of total Cr was consistent with that of
Cr(VI) during the removal process, indicating that Cr was
removed from the solution (Figure 3a). The rapidly changing
pH values were strongly consistent with the Cr(VI) removal
process of these samples, suggesting an intense reductive
process that consumes protons (Figure S30).7 The Cr 2p XPS
spectra position on the surface of the reacted FeMg/NC
sample was well fitted by the Cr(III) and Cr(VI) species
(Figure 3b). The peaks at 576.6 and 586.6 eV were attributed
to Cr(III) species, while the peaks at 577.7 and 588.5 eV
belonged to Cr(VI) species. An obvious Cr(III) species could
be observed at the reaction time from 5 to 60 min, indicating
that most of the adsorbed Cr(VI) was reduced to Cr(III) by
the FeMg/NC sample and subsequently fixed on its surface
(Table S11).
Simultaneously, the Sb(V), Ni(II), and Cu(II) removal

processes of the FeMg/NC samples were also monitored. As
shown in Figure 3c, the concentration trend of the total Sb was
consistent with that of Sb(V) during the removal process,
suggesting that Sb(V) was reduced and subsequently removed.
The removal of Ni and Cu by the FeMg/NC sample is
presented in Figures S7a and 8a. Furthermore, the valence

Figure 3. Removal performance and reductive evolution of FeMg/NC during heavy metals removal process. (a) Total Cr and Cr(VI) removal
curves of FeMg/NC sample. (b) Time evolution of Cr 2p XPS spectrum during the Cr(VI) removal with FeMg/NC sample. (c) Total Sb and
Sb(V) removal curves of FeMg/NC. (d) Time evolution of Sb 3d XPS spectrum during the Sb(V) removal with FeMg/NC sample. (e) Time
evolution of Ni 2p XPS spectrum during the Ni(II) removal with FeMg/NC sample. (f) Time evolution of Cu 2p XPS spectrum during the Cu(II)
removal with FeMg/NC sample.
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state changes of these metals in the FeMg/NC sample were
analyzed using XPS spectroscopy. In Figure 3d, the XPS
spectra of the Sb peak positions on the surface of the reacted
FeMg/NC sample were also fitted as Sb(III) and Sb(V)
species, respectively.31 The reduced state of Sb(III) was the
major species, accounting for approximately 56.0% (Table
S12). Similarly, the Ni 2p XPS spectra on the surface of the
reacted FeMg/NC sample deconvoluted into two typical peaks
at 856.6 and 851.8 eV, respectively, attributed to adsorbed
Ni(II) and reduced Ni(0) (Figure 3e).27 After only 5 min of
reaction, Ni(0) (6.36%) was observed, indicating that
adsorbed Ni(II) was rapidly reduced to Ni(0) by the FeMg/
NC sample (Table S13). Coincidentally, the characteristic
peaks of Cu(0) appeared at 932.9 and 952.7 eV in the Cu 2p3/2
and Cu 2p1/2 regions, respectively (Figure 3f). The satellites
combined with the relatively weak peak at 944.4 eV validated
the presence of CuO or Cu(OH)2.

38 These results
demonstrated that most of the uncompleted Cu(II) was
removed by the FeMg/NC sample in the reduced form of
Cu(0) (72.6%), while other Cu(II) was immobilized by
surface precipitation and adsorption onto the corrosion
products (Table S14).

Insight into Mechanism of Enhanced Removal by
Bimetallic Modification. As exemplified by the Cr(VI)
removal, the mechanism of bimetallic modification for
enhancing the removal performance was elucidated. Consid-
ering Fe(II), it is inherent to the FeMg/NC sample or
generated by iron core corrosion, which is an essential active
species in the process of reducing heavy metals. As shown in
Figure S31a,b, the amount of Fe(II) released in the Cr(VI)- or
Cr(VI)-free solution indicates that it may participate during
the reduction of Cr(VI). However, the Cr(VI) removal process
of the FeMg/NC and Fe/NC samples was not inhibited by the
addition of 1,10-phenanthroline (Figure 4a and Figure S32),
indicating that Fe(II) was not the main reactive substance in
the FeMg/NC sample to remove Cr(VI). Therefore, it can be
inferred that the reductive components (Fe0 or Mg0) in the
FeMg/NC sample are the main reason for the enhanced

reduction of Cr(VI) (eqs 1 and 2), which can be confirmed in
Figure S31c,d.

+ + + ++ + +3Fe 2HCrO 14H 3Fe 2Cr 8H O0
4

2 3
2

(1)

+ + + ++ + +3Mg 2HCrO 14H 3Mg 2Cr 8H O0
4

2 3
2
(2)

Further, to reveal the role of the synergistic effect in
enhancing the reduction performance, theoretical calculations
were performed using two basic model structures, namely,
single metal and bimetallic structure systems. For the FeMg/
NC sample, the Fe active species was used as the benchmark
model and a portion of the Mg active species was constructed
on this basis. While the Mg/NC and Fe/NC samples were
constructed by taking the corresponding active species as the
benchmark model (Figure S33). In addition, Cr(VI) was
adsorbed onto the inner active sites after crossing the thin
aromatic-carbon layer to complete the construction of the
entire theoretical model (Figure S34). The DFT results
indicated that the adsorption energy of Cr(VI) at the Mg site
(−2.81 eV) or Fe site (−1.41 eV) on FeMg/NC was lower
than that on Mg/NC (−1.97 eV) and Fe/NC (−1.30 eV)
(Figure 4b,c), which may contribute to the enhanced Cr(VI)
removal performance. Charge-density difference calculations
revealed that Cr(VI) adsorbed on the Mg/NC or Fe/NC
samples accepted electrons from Mg0 or Fe0 via a single-
channel pathway. In contrast, Cr(VI) adsorbed on the FeMg/
NC sample captured electrons in diverse manners, as two types
of active sites can combine with Cr(VI). The difference in the
electron transfer pathway led to a better electron-withdrawing
ability of Cr(VI) on the bimetallic structure surface, as
reflected by its higher electron transport quantity (Figure 4c),
which was beneficial for the subsequent reduction of Cr(VI).
In this paper, the theoretical and experimental results

demonstrated that this bimetallic structure favors the
adsorption of these heavy metals on its surface-active sites
with a much lower adsorption energy and the electron

Figure 4. Reaction mechanism analysis. (a) Cr(VI) removal curves of FeMg/NC sample in the absence of 1,10-phenanthroline or the presence of
1,10-phenanthroline. (b) Adsorption energies (Eads) of HCrO4

− coordinated with Mg/NC, Fe/NC, and FeMg/NC samples, according to density
functional theory (DFT) calculations. DFT calculation of the charge-density difference in HCrO4

− adsorbed on (c) Mg/NC and Fe/NC, and (d)
FeMg/NC (including Fe site and Mg site) samples, respectively. The yellow and blue isosurfaces represent the charge accumulation and depletion
region.
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delocalization effect accelerates electron transfer from the
metal core to the surface, easily promoting the reduction and
removal of these heavy metals. Notably, the aromatic-carbon
layer plays a crucial role in the inward diffusion of pollutants,
which is beneficial for subsequent reduction.19 In conclusion,
we believe that the enhanced pollutant removal capacity of the
FeMg/NC samples may have been caused by a combination of
the phase-fusional structure reduction and the adsorption of
the formed metal oxides and aromatic-carbon layer.

■ ENVIRONMENTAL IMPLICATIONS
Benefiting from its unique rapid heating process, the FJH
technology has established significant advantages in the
development of excellent environmental materials in terms of
simplicity and scalability. Our study effectively exploited the
Mg activity for bimetallic modification via the FJH technology,
revealing the details of the evolution of the reductive structure
during the ultrahigh-temperature process. The highly reductive
FeMg/NC sample exhibited excellent performance in the
removal of typical heavy metals, including Cr(VI), Sb(V),
Ni(II), and Cu(II). Considering the removal of Cr(VI) by the
FeMg/NC sample as an example, the adsorption and reduction
processes involved were elucidated in detail, with a focus on
the reduction mechanism, assisted by DFT calculations.
Coincidentally, the FeMg/NC sample also exhibited excellent
compatibility with the removal of heavy metals from simulated
wastewater (Figure 5), demonstrating its feasibility and great
potential to treat complex environmental wastewater. Overall,
this work offers novel insights into the rational design of
bimetallic nanocomposites with tunable structures and
desirable functionalities, paving the way for their application
in environmental remediation. Notably, the fabrication of
environmental materials using FJH technology is highly
scalable, and the process is not limited to the synthesis of
reductive materials.
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