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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• FeU-1 achieves high toluene uptake and 
significantly reduced desorption energy.

• Dynamic asymmetric electron redistri
bution modulates metal⋅⋅⋅π interactions 
during adsorption-desorption.

• DFT and AIMD reveal desorption path
ways and electron redistribution 
dynamics.

• The strategy is transferable to other 
dual-metal MOF gels, offering a general 
design concept.
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A B S T R A C T

Amid global efforts toward low-energy gas purification, we present a bimetallic metal-organic framework gel 
(FeU-1) that overcomes the trade-off between adsorption capacity and regeneration energy. FeU-1 achieves a 
high toluene uptake of 975 mg/g (P/P0 = 0.97), while reducing the desorption activation energy from 169.1 kJ/ 
mol (UiO-66 MOF) to 34.9 kJ/mol. In situ DRIFTS and XPS analyses reveal dynamic electron migration between 
Fe and Zr nodes during the adsorption-desorption cycle, validating that the reversible asymmetric electron 
distribution modulates metal⋅⋅⋅π interactions. DFT and AIMD simulations further identify a “parallel” bimetallic 
adsorption configuration and track the complete desorption trajectory of toluene, highlighting the sequential 
detachment of molecules from different metal sites, governed by their interaction strengths. This electron- 
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regulation mechanism, validated in CuU-1 and AlU-1, offers a broadly applicable strategy for designing other 
open-shell bimetallic MOGs with tunable adsorption-desorption behavior. This work deepens the understanding 
of charge-regulated host–guest interactions and proposes a rational strategy for designing intelligent, energy- 
efficient VOC adsorbents aligned with global carbon neutrality goals.

1. Introduction

Toluene, a representative aromatic volatile organic compound 
(VOC), is primarily emitted from industrial activities such as petroleum 
refining and fossil fuel combustion, posing significant risks to human 
health and the environment[12,17,27]. Among the various treatment 
strategies, Adsorption is widely recognized as one of the most conve
nient and cost-effective methods for toluene removal, with broad in
dustrial applicability[36]. However, while several adsorbents with high 
adsorption capacities for toluene have been developed, their strong 
adsorption affinities often lead to increased regeneration energy de
mands, limiting practical efficiency and sustainability[26].

The adsorption and desorption of toluene are governed by complex 
host-guest interactions, including metal⋅⋅⋅π, C-H⋅⋅⋅π, and π⋅⋅⋅π in
teractions, along with spatial structural effects[6]. Recent studies have 
highlighted the potential of open metal centers as effective adsorption 
sites for aromatic VOCs, offering promising avenues for improving 
adsorption efficiency and desorption performance[15,2,7,9]. Building 
upon these insights, this work aims to design a porous framework that 
balances strong adsorption capacity with facile regeneration, thereby 
addressing a key challenge in VOC abatement.

The electron-rich nature of the aromatic ring in toluene allows it to 
preferentially adsorb onto open metal sites[38], where metal⋅⋅⋅π inter
action, primarily driven by electrostatic forces, enhances adsorption 
strength through electron sharing between metal nodes and toluene 
molecules[24]. This mechanism has been extensively investigated and 
applied in various adsorbents over recent years[14,21,29]. However, 
most previous studies have not addressed the simultaneous optimization 
of adsorption strength and regeneration efficiency often conflicting re
quirements in practical applications.

Metal-organic framework gels (MOGs), derived from Metal-organic 
frameworks (MOFs), retain key structural and functional advantages 
such as high surface area, tunable pore size, low density, and modifiable 
internal surfaces, making them promising candidates for adsorption and 
separation applications[1,11,19,20,33,4]. Beyond these benefits, MOGs 
exhibit unique hierarchical pore architectures and enhanced structural 
flexibility. In particular, the integration of bimetallic nodes into MOGs 
introduces new possibilities for regulating metal⋅⋅⋅π interactions. Spe
cifically, electron transfer between open-shell bimetallic nodes stabilizes 
structural states during the adsorption-desorption cycle, generating 
localized asymmetric electron distribution[5,6,18,23,30]. These asym
metry structures provide a promising strategy for the precise modulation 
of metal⋅⋅⋅π interactions, effectively optimizing adsorption strength and 
desorption behavior.

We report a novel bimetallic metal-organic gel (MOG), designated as 
FeU-1, synthesized by incorporating Fe into UiO-66 MOG framework via 
a one-step process, partially substituting Zr in the original Zr6-oxo 
cluster. Unlike conventional MOFs, FeU-1 features bimetallic nodes with 
reduced coordination to organic linkers, thereby intensifying host-guest 
interactions with toluene, primarily driven by metal⋅⋅⋅π interactions
[37]. The open-shell Fe and Zr metal nodes serve as primary adsorption 
sites, functioning as electron donor-acceptor pairs to form localized 
asymmetric electron distributions[23]. This asymmetric structure fa
cilitates dynamic electron transfer between metal centers, optimizing 
interactions with toluene while maintaining structural stability 
throughout adsorption-desorption cycles. FeU-1 achieves a saturated 
adsorption capacity of 975.4 mg/g at a relative pressure of P/P0 = 0.9, 
coupled with a significantly reduced desorption activation energy of 
34.9 kJ/mol, thus lowering regeneration energy requirements. 

Additionally, a series of bimetallic MOGs (such as Zr-Cu, and Zr-Al) were 
successfully synthesized, showcasing tunable electronic properties and 
adjustable metal⋅⋅⋅π interactions during toluene adsorption-desorption 
cycles. This study introduces a novel strategy for engineering bime
tallic nodes to enhance adsorption performance and reduce regeneration 
energy consumption, paving the way for development of 
high-performance toluene adsorbent materials.

2. Results and discussion

2.1. Toluene adsorption-desorption performance

Static toluene adsorption experiments at 298 K (Fig. 1a) revealed 
that the activated FeU-1 achieved an exceptional saturated adsorption 
capacity of 975.4 mg/g, significantly surpassing UiO-66 MOF 
(471.5 mg/g) and UiO-66 MOG (882.6 mg/g). Compared with previ
ously reported materials (Fig. 1e, Table S4), FeU-1 shows markedly 
superior toluene adsorption capacity, underscoring its potential for ap
plications such as petroleum refining processes or managing organic 
solvent tank leakages. Dynamic breakthrough experiments with 
100 ppm toluene further validated the adsorption performance of FeU-1 
(Fig. 1b). FeU-1 exhibited the highest adsorption capacity (112.6 mg/g), 
consistent with static adsorption results. Notably, during the initial 
adsorption phase, FeU-1 (Figure S1) maintained 100 % toluene removal 
efficiency demonstrating rapid adsorption kinetics and strong response 
capability for toluene. While high adsorption capacity is generally 
linked to high regeneration energy requirements[16], the 
temperature-programmed desorption (TPD) measurements (Figure S2) 
at varying heating rates revealed that FeU-1 (Fig. 1c) possesses the 
lowest desorption activation energy (Ed = 34.9 kJ/mol), significantly 
lower than UiO-66 MOF and UiO-66 MOG. This indicates that FeU-1 
facilitates easier toluene desorption. Moreover, FeU-1 retained a high 
adsorption capacity of 871.3 mg/g after four regeneration cycles 
(Fig. 1d), demonstrating exceptional stability. These findings highlight 
FeU-1’s ability to achieve high adsorption performance while mini
mizing regeneration energy requirements, positioning it as a promising 
candidate for efficient toluene capture and recovery.

2.2. Significance of low-coordination structure

The enhanced adsorption performance of FeU-1 is attributed to 
defect engineering (low-coordination structural) introduced during in- 
situ synthesis. A competitive coordination strategy enabled the partial 
substitution of Zr ions in the Zr6-oxo cluster with Fe. Powder X-ray 
diffraction (PXRD) patterns (Figure S3) displayed a shift in FeU-1’s 
characteristic peaks to higher angles[10], confirming successful syn
thesis. X-ray photoelectron spectroscopy (XPS) revealed charge transfer 
at the Fe and Zr bimetallic nodes. Specifically, the Fe 2p spectrum 
showed the presence of the Fe2 + peak (Fig. 2a), indicating the reduction 
of Fe3+ to Fe2+. Concurrently, the Zr 3d5/2 and Zr 3d3/2 peaks (Fig. 2c) 
shift to higher binding energies, while the Olat peak (Fig. 2b) shifts by 
0.29 eV to lower binding energy, illustrating an electron transfer 
pathway from Zr to Fe via the oxy-bridged linkages. X-ray absorption 
spectroscopy (XAS) analysis further supports this conclusion. The Fe 
K-edge XANES spectrum of FeU-1 (Fig. 2d) closely resembles that of 
Fe3O4, confirming the presence of Fe in mixed Fe2+/Fe3+ oxidation 
states[31,34]. Extended X-ray absorption fine structure (EXAFS, Fig. 2e) 
and wavelet transform (WT) analyses (Fig. 2g) revealed a new peak at 
3.10 Å in R-space, attributed to Fe-Zr scattering. K-space and R-space 
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fitting (Fig. 2c, Figure S4, Table S1) indicated a reduced oxygen coor
dination around Fe, confirming defect formation. The Fe-Zr coordina
tion number of 4 validates the successful incorporation of Fe into the 
Zr6-oxo cluster, replacing two Zr ions to form Zr-O-Fe linkages. These 
structural modifications are consistent with the Fe: Zr ratio of 1:1.94 
determined by ICP analysis (Table S2) and corroborated by thermog
ravimetric analysis (TGA) and Brunauer-Emmett-Teller (BET) mea
surements (Figure S5-6, Table S3). Scanning electron microscopy (SEM) 
images (Fig. 2h, Figure S7) further confirm the low-coordination 

structural characteristics of FeU-1, highlighting the critical role of this 
feature in its enhanced adsorption performance.

2.3. Mechanism of toluene adsorption-desorption

The low-coordination structure of FeU-1 reduces π⋅⋅⋅π interactions 
between the organic ligands and toluene while simultaneously 
enhancing metal⋅⋅⋅π interactions through the exposure of highly acces
sible metal sites[35]. NH3-TPD results (Figure S8) confirmed an increase 

Fig. 1. (a) Adsorption isotherms of toluene vapor on UiO-66 MOF, UiO-66 MOG, FeU-1, FeU-2. (b) Toluene adsorption breakthrough curves of UiO-66 MOF, UiO-66 
MOG, FeU-1, FeU-2. (c) Desorption activation energy of UiO-66 MOF, UiO-66 MOG, FeU-1. (d) Cycling performance test of FeU-1 over multiple adsorption- 
desorption cycles. (e) Adsorbed toluene amounts on FeU-1 and UiO-66 MOG compared with porous sorbents reported in the literature at high-pressure range.
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Fig. 2. High-resolution XPS spectra of (a) Fe 2p, (b) O 1 s, and (c) Zr 3d in UiO-66 MOG, FeU-1. (d) Fe K-edge XANES spectra and (e) transformed EXAFS spectra of 
FeU-1, Fe3O4, and Fe-foil. (f) EXAFS and its fitting curve of FeU-1 (inset red: O, blue: Zr, yellow: Fe). (g) WT-EXAFS of Fe-foil, Fe3O4, FeU-1. (h) SEM images of UiO-66 
MOF and FeU-1, along with the enlarged view of secondary building units (SBUs), reveal that the incorporation of Fe induces ligand dissociation in FeU-1, leading to 
low-coordination structures.
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in unsaturated metal sites in FeU-1. This finding aligns with adsorption 
isotherms measured at different temperatures (Figure S9a-b) and the 
calculated adsorption enthalpy (Qₛₜ) (Figure S9e), which collectively 
demonstrate that the introduction of Fe significantly strengthens 
host-guest interactions between the adsorbent and toluene. In-situ 

DRIFT spectra (Fig. 3a) further elucidated the role of metal nodes dur
ing toluene adsorption. Over time, the intensities of the Fe-O (550 cm− 1)
[13] bond and Zr-O (644 cm− 1)[25] bond vibrations exhibited signifi
cant variations, while the aromatic C––C skeletal vibration 
(1450–1650 cm− 1)[3] remained largely unchanged, indicating that 

Fig. 3. In-situ DRIFT spectra showing adsorbed toluene over time for (a) FeU-1 and (b) UiO-66 MOG, with the inset highlighting the magnified view of Zr-O 
(644 cm− 1) and Zr-μ3-O (671 cm− 1) bond vibrations. Electron transfer process in the open-shell bimetallic nodes of FeU-1 after toluene adsorption. XPS spectra 
of (c) Zr 3d, (d) Fe 2p, and (e) O 1 s in FeU-1 before and after toluene adsorption. (f) Schematic illustration depicting electron transfer pathways and dynamic changes 
in metal⋅⋅⋅π interactions between metal adsorption sites and toluene in FeU-1. (g) Comparative schematic representation of ZnU-1 with closed-shell Zn nodes versus 
FeU-1 after toluene adsorption, illustrating structural and electronic differences.
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metal⋅⋅⋅π interactions predominantly govern the adsorption process. 
Notably, after 3 h of adsorption, the Zr-O peak intensity decreased, 
suggesting a reduced role of Zr sites in binding toluene. This behavior is 
absent in the control sample (UiO-66 MOG), as shown in Fig. 3b, indi
cating that the asymmetric structure of FeU-1’s metal nodes lead to 
distinct adsorption behaviors. These findings highlight the critical role 
of the low-coordination structure in modulating the 
adsorption-desorption mechanism, wherein the exposed metal sites and 
dynamic electron distributions in FeU-1 enhance metal⋅⋅⋅π interactions 
while adapting adsorption forces to optimize performance.

XPS analysis of FeU-1 before and after toluene adsorption (Fig. 3c-e) 
revealed notable charge distribution differences between Fe and Zr 

nodes. Fe exhibited stronger electron-donating ability, while Zr prefer
entially acts as an electron acceptor. Upon toluene adsorption, the Zr 3d 
peaks (Fig. 3c) shifted to lower binding energies, indicating electron 
density gain at Zr sites. In contrast, the spin-split peaks in the Fe 2p 
spectrum (Fig. 3d) shifted to higher binding energies, reflecting electron 
density loss at Fe sites. These shifts confirmed the spontaneous forma
tion of a local asymmetric electron distribution within the metal nodes 
of FeU-1 (Fig. 3f). As electron transfer progresses during adsorption 
(Fig. 3f), the interaction between Fe nodes and toluene becomes stron
ger, while the interaction at Zr nodes gradually diminishes. This dy
namic modulation of electron transfer highlights the critical role of FeU- 
1’s asymmetric structure in optimizing adsorption performance.

Fig. 4. (a) In-situ XPS of Fe 2p during toluene desorption from FeU-1 at temperatures ranging from 25 ◦C to 120 ◦C. (b) In-situ XPS spectra of Zr 3d during toluene 
desorption from FeU-1 across the same temperature range. Trends of binding energy of (c) Fe 2p and (d) Zr 3d peaks with temperature in In-situ XPS. (e) Schematic 
representation of electron transfer dynamics during toluene desorption from FeU-1, illustrating the reversibility of the asymmetric electron distribution at FeU-1 
metal nodes. (f) In-situ DRIFT spectra of toluene desorption from FeU-1 at 100℃. (g) Sequential desorption of toluene from Zr and Fe sites, driven by variations 
in the strength of electrostatic interactions between FeU-1 and toluene.
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To validate the pivotal of open-shell metal nodes in modulating 
adsorption forces, a control experiment was conducted by substituting 
Fe in FeU-1 with Zn under identical synthesis conditions (Figure S10). 
Unlike open-shell Fe sites, Zn is a closed-shell metal incapable of ac
commodating additional electrons. XPS analysis (Figure S11) confirmed 
this, as the binding energy of the metal nodes in ZnU-1 remained un
changed before and after toluene adsorption, indicating the absence of 
electron transfer involving Zn nodes[23]. Further evidence from the 
in-situ DRIFT spectra during toluene adsorption (Figure S12) revealed 

marked differences between ZnU-1 and FeU-1. The intensity of Zn-O 
(540 cm− 1)[22,8] and Zr-O (644 cm− 1) peaks in ZnU-1 increased 
steadily over time, suggesting a static adsorption mechanism. In 
contrast, FeU-1 (Fig. 3c-d) exhibited dynamic modulation of adsorption 
forces, driven by electron transfer between Fe and Zr nodes. These 
findings (Fig. 3g) underscore the unique contribution of open-shell 
metal nodes in enhancing adsorption performance through dynamic 
adjustment of host-guest interactions.

As previously described, the dynamic electron modulation between 

Fig. 5. Adsorption configuration and performance of toluene in FeU-1. (a) DFT-calculated adsorption energies of toluene in various configurations: terminal Zr node 
(site 1), benzene ring of the organic ligand (site 2), Zr node (site 3), Fe node (site 4), and (site 5) bimetallic cooperative adsorption (red: O, blue: Zr, yellow: Fe). (b) 
Toluene molecules preferentially adopt a parallel adsorption configuration on bimetallic (yellow polyhedral: Fe, blue polyhedral: Zr) sites. (c) Distance of toluene 
molecules from metal sites and ligands in FeU-1 over MD simulation time at 373 K, illustrating the thermal desorption of toluene from FeU-1, the corresponding 
system is shown in panel (d), representing (green: toluene) four stages: 1 (initiation of desorption), 2 (detachment from Zr nodes), 3 (π⋅⋅⋅π interactions), and 4 
(complete desorption). (e) Calculated PDOS of Fe and Zr d-bands in FeU-1 before and after toluene adsorption. PDOS of (f) Zr d-band and (g) Fe d-band at four stages 
of toluene desorption on FeU-1 at 373 K.
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bimetallic nodes in FeU-1 is pivotal in regulating the electrostatic in
teractions between toluene molecules and adsorption sites. Notably, 
after toluene adsorption, the electron enrichment at Zr sites weakens the 
metal⋅⋅⋅π interaction with toluene, thereby enabling easier desorption 
from these sites compared to those with stronger binding. In-situ DRIFT 
spectra (Fig. 4f) during toluene desorption at 100◦C revealed that the 
intensity changes of the Zr-O bond (644 cm− 1) were more pronounced 
and stabilized earlier than those of the Fe-O bond (550 cm− 1), indicating 
preferential desorption of toluene from Zr sites. Furthermore, in-situ 
temperature-programmed XPS analysis (Fig. 4a-b) of FeU-1 after 
toluene adsorption demonstrated the reversibility of the asymmetric 
electron distribution between the bimetallic nodes. As the temperature 
increased from 0◦C to 75◦C, the Fe2+ peak (Fig. 4c) in the Fe 2p spectrum 
shifted to lower binding energy, while the Zr 3d peak (Fig. 4d) shifted to 
higher binding energy, signifying (Fig. 4e) electron migration from Zr to 
Fe via oxy-bridge[32]. This electron transfer weakens the metal⋅⋅⋅π 
interaction between Fe sites and toluene, resulting promotes toluene 
desorption from Fe sites. Upon further heating (75◦C-120℃), the Zr 3d 
peak (Fig. 4d) remained unchanged, suggesting stabilization of the 
electronic state around Zr sites and cessation of electron transfer. In 
contrast, as toluene progressively desorbed from Fe sites, the electron 
density surrounding Fe nodes decreased, causing the Fe2+ peak (Fig. 4c) 
to shift to higher binding energy. These observations (Fig. 4g) provide 
compelling evidence for a sequential desorption process, wherein 
toluene molecules detach from FeU-1 adsorption sites in a hierarchical 
manner dictated by the strength of metal⋅⋅⋅π interactions. This sequential 
desorption reflects the critical role of asymmetric electron distribution 
in modulating adsorption and desorption dynamics in FeU-1.

Based on structural characterization, the adsorption energy of 
toluene at various sites in FeU-1 was calculated using density functional 
theory (DFT) (Fig. 5a). The results indicated (Fig. 5b) that FeU-1 pref
erentially adsorbed toluene molecules via metal⋅⋅⋅π interactions, with 
the molecules adopting a “parallel” adsorption configuration on the 
bimetallic nodes. This behavior is attributed to the absence of organic 
ligands in FeU-1, which exposes additional open metal sites, increasing 
adsorption space and significantly enhancing adsorption capacity. Ab 
initio molecular dynamics (AIMD) simulations at different temperatures 
revealed (Fig. 5c, Figure S13-15, Video S1–3) that toluene molecules can 
readily desorb from the bimetallic adsorption sites at 373 K. The 
desorption process, analyzed through Supplementary Video S3, indi
cated a sequential transition: during stages 1–2 (Fig. 5d), toluene shifted 
from dual-node adsorption to exclusive binding at Fe sites; in stage 3, the 
adsorption evolved into π⋅⋅⋅π interactions involving the aromatic ring, 
culminating in complete desorption in stage 4. These AIMD findings 
corroborate in-situ XPS observations of preferential desorption from Zr 
sites at elevated temperatures, providing a mechanistic explanation for 
the dynamic behavior. Collectively, these results elucidate the critical 
role of bimetallic nodes in regulating adsorption and desorption pro
cesses, and validate the dynamic tunability of FeU-1, highlighting its 
potential for enhanced toluene adsorption-desorption performance.

In addition, density of states (DOS) analysis (Figure S16-20) reveals 
that electron migration between bimetallic sites in FeU-1 during toluene 
adsorption and desorption is primarily associated with the d-electrons of 
metal atoms. As shown in Fig. 5e, the projected density of states (PDOS) 
of the Zr and Fe d-orbitals shifts upon toluene adsorption, with the Zr d- 
band center moving from − 2.93 eV to − 2.95 eV and the Fe d-band 
center shifting from − 4.16 eV to − 4.14 eV, confirming electron transfer 
from Fe to Zr[28,39]. To explore the electronic structure at the bime
tallic adsorption sites of FeU-1 during the four stages of toluene 
desorption, the projected density of states (PDOS) for the Fe atomic 
orbitals were computed at each stage. The results reveal distinct elec
tronic behaviors at the bimetallic nodes of FeU-1. The right shift of the Zr 
d-band center (Fig. 5f) indicates an increased electron-donating ability 
of Zr sites. Notably, the Fe d-band center also shifts rightward from stage 
1 to stage 2 (Fig. 5g), suggesting a transition from bimetallic cooperative 
adsorption (stage 1) to a single-site adsorption mode at the Fe site. (stage 

2). In the subsequent stages 2 and 3, the leftward shift of the Fe d-band 
center (Fig. 5g) indicates that the Fe site becomes more 
electron-accepting. The toluene adsorption and desorption process in 
FeU-1 further demonstrates a reversible transition of the Fe and Zr nodes 
between electron donor and acceptor roles, significantly affecting the 
adsorption and desorption behavior of toluene.

2.4. Strategy generalizability

To validate the generality of electron transfer between open-shell 
metals in modulating adsorption interaction with toluene molecules, 
three additional bimetallic MOGs, such as ZnU-1, AlU-1, and CuU-1, 
were synthesized. XRD patterns showed characteristic peak shifts 
(Figure S21, Figure S24), confirming the successful incorporation of 
these open-shell metals into the Zr6-oxo framework. XPS analysis 
(Figure S22, Figure S26) revealed that toluene adsorption reduced 
electron transfer between the bimetallic nodes, evidenced by binding 
energy shifts before and after adsorption. Additionally, in-situ DRIFT 
spectra (Figure S23, Figure S25) during adsorption demonstrated a 
gradual decrease in the intensity of the Zr-O peak for all three MOGs 
with increasing adsorption time, signifying a reduced contribution of Zr 
nodes to toluene adsorption. This behavior is consistent with observa
tions from FeU-1, highlighting the universal applicability of this electron 
transfer mechanism in bimetallic MOGs.

3. Conclusion

This work demonstrates that low-coordination open-shell metal 
nodes exhibit exceptional adsorption capacity for toluene, primarily 
driven by metal⋅⋅⋅π interactions. During the adsorption-desorption pro
cess, electron transfer between metal nodes dynamically modulates 
these interactions, enhancing the affinity for toluene while simulta
neously reducing the desorption activation energy. Based on these 
findings, we propose the construction of bimetallic nodes with a local
ized asymmetric electron distribution structure, leveraging the revers
ible nature of these centers to induce differential adsorption strengths 
among metal nodes. This strategy holds significant potential for 
designing advanced adsorbents with high adsorption capacities and 
energy-efficient desorption properties.
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