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The intrinsic electronic states of transition metal-containing SERS substrates, especially the effect of spin
state on the detection sensitivity, still remain unknown. Herein, we propose a simple co-precipitation
approach to form trimetallic MIL-101(FeNiTi) with high-spin (HS) Fe®* as a result of geometric distortion
of the octahedral symmetry. Using methylene blue as a demonstration, the trimetallic MIL-101(FeNiTi)
shows a high enhancement factor (EF) of 6.1 x 10% a low detection limit of 107° M and excellent
detection stability after long-term preservation. X-ray absorption fine structure and photoelectron
spectra demonstrate that coupling between high-spin Fe3* and aliovalent transition metals Ni2* and Ti**
with different filling degree of 3d eg-orbitals results in electron delocalization. The DFT calculation
suggests that MIL-101(FeNiTi) with high-spin Fe®* favors molecular adsorption and the charge transfer
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from the molecule to MIL-101(FeNiTi)
delocalization, which both contribute to the distinguished SERS performance of MIL-101(FeNiTi). This
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is promoted, benefitting from the enhanced electron

finding provides in-depth mechanistic understanding of the effect of the spin state of transition metals
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Introduction

Surface enhanced Raman spectroscopy (SERS), as a non-
destructive analytical technique with a fingerprint spectrum,
has attracted tremendous interest in many research fields.
Noble metal substrates (Au, Ag) based on the surface plasmon
resonance (SPR) effect have been widely adopted due to the high
enhancement efficiency.*® However, due to the unavoidable
limitations of noble metals, including high cost, poor stability
and low biocompatibility,”** increasing attention has been
focused on semiconductors or other materials such as metal-
organic frameworks (MOFs) and graphene.'>** For these mate-
rials, the charge transfer (CT) process between the substrate and
adsorbate is well accepted as the dominant SERS
mechanism.'® To date, great progress has been achieved in
developing sensitive SERS substrates based on non-noble
metals. For example, photonic crystals with unique inverse
opal structure and yolk-shell nanomaterials have been
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on mediating SERS activity, which is expected to efficiently promote the development of SERS platforms

exploited as superior SRES substrates via enhancing the light-
matter interaction,”®** however they are restricted by the
tedious preparation process. Meanwhile, reducible metal oxides
with abundant oxygen vacancies (MoO;_y, TiO,_,, WO3_,) have
proven efficient in promoting CT between the molecule and
substrate due to the formation of extra energy levels and
improved resonance absorption.”>* However, surface defects
on these materials are unstable under laser irradiation and easy
to oxidize even under ambient conditions, which significantly
deteriorates the practical SERS performance. Therefore, great
effort still needs to be devoted to developing flexible strategies
for robust SERS substrates.

Compared with defect engineering, the effect of other
intrinsic electronic states of non-noble metal substrates
including the orbital filling degree (spin state) and electron
localization/delocalization on the SERS performance has been
scarcely explored to date. It is known that the bonding strength
and electron transfer between the crystal and adsorbates can be
tuned through regulating the spin state of transition metal ions
in the fields of electrocatalysis and photocatalysis. For example,
Zou and coworkers proposed the crystal-size-restricting strategy
for finely modulating the high-to-low spin transformation of
Fe*’, which boosted the bonding strength with adsorbates and
facilitated the electron transfer process.*® Xie et al. realized
delocalized spin states in Ni-based compounds through intro-
ducing structural distortion to the confined 2D atomic layers,
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leading to modification of the electronic structure and
improved electron transport.”” Compared with the commonly
observed instability of vacancy defects, the inherent spin char-
acteristics of transition metals are supposed to be more
attractive since they simultaneously possess chemical stability
under ambient conditions and field-induced reversibility.>**
To date, the correlation between the SERS performance and
electronic spin state of transition metal-based materials still
remains unknown. There is a lack of efficient strategies to
regulate the SERS activity through tuning the spin state.
Herein, we demonstrated that the low-spin to high-spin
transition of Fe** in a series of MIL-101 composites has
a significant effect on SERS performance, which was achieved
via introducing the aliovalent metal dopants Ni** and Ti*" with
different electronic configuration. Using methylene blue (MB)
as the model molecule, distinguished sensitivity with an
enhancement factor (EF) of up to 6.1 x 10° and excellent
stability is revealed for trimetallic MIL-101(FeNiTi) with high-
spin (HS) Fe*'. By combining electronic structure analyses
and density functional theory (DFT) calculations, the SERS
performance and the spin state of Fe** were positively corre-
lated. The SERS mechanism was explored regarding the
bonding strength and CT between molecules and MIL-101 with
different spin states of Fe'. It is expected that the strategy
based on spin-regulation would provide a brand-new idea for
the development of sensitive non-noble metal SERS technology.

Results and discussion
Sample fabrication and characterization

Tuning of the spin state of MIL-101(Fe) was attempted through
adding aliovalent transition metal ions with different electronic
configuration and valence state. A series of MIL-101 materials
with different ratios of Fe: Ni, Fe: Ti and Fe : Ni : Ti were fabri-
cated through a co-precipitation method (Fig. S1, Table S17).
The X-ray diffraction (XRD) pattern indicates that trimetallic
MIL-101(FeNiTi) and bimetallic MIL-101(FeNi) maintain the
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Fig. 1 Crystalline structure and morphology characterization of MIL-
101. (a) XRD of three kinds of MIL-101; (b) SEM of trimetallic MIL-
101(FeNiTi); (c) TEM-mapping of trimetallic MIL-101(FeNiTi).
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characteristic peaks of MIL-101(Fe) (Fig. 1a),*>** suggesting that
the introduction of Ni** and Ti*" ions does not alter the crys-
talline phase although MIL-101(FeNiTi) has a lower crystallinity
than the other composites. The scanning electron microscope
(SEM) image of trimetallic MIL-101(FeNiTi) presents a uniform
shuttle shape (Fig. 1b), which is slightly different from MIL-
101(Fe) and bimetallic MIL-101(FeNi) with an octahedral
geometry (Fig. S21).** Considering the similar particle size of ca.
1.2 um of all three composites, the morphological change
should be attributed to the decreased crystallinity of MIL-
101(FeNiTi). Moreover, the transmission electron microscope
(TEM) mapping of MIL-101(FeNiTi) reveals the uniform distri-
bution of elements Fe, Ni, Ti, C and O (Fig. 1c).

Transmission *>’Fe Mossbauer spectroscopy was used to
characterize the spin states of Fe in three kinds of MIL-101
considering its sensitivity towards the spin states of Fe
species.** Fig. 2a-c show the >’Fe Mossbauer spectra of the
three samples, and Table S27 lists the Mossbauer parameters as
well as the corresponding areas of different spin states of Fe. For
all MIL-101 samples, the spectra can be well fitted into two
doublets. Based on the values of isomer shift (IS) and quadru-
pole splitting (QS), doublets D1 and D2 are assigned to the LS
state and the HS state of Fe**, respectively. It can be seen in
Fig. 2a that the pristine MIL-101(Fe) mainly exhibits the LS state
(the proportion is ca. 63.0%) with hyperfine magnetic field of
515.4 kOe, IS of 0.404 mm s~ ', and QS of 0.486 mm s~ (Table
S1t). The proportion of the HS state in pristine MIL-101(Fe) is
much smaller, and is only 37.0% with IS of 0.414 mm s~ ', and
QS of 0.901 mm s~ *. The above results indicate that most Fe*" in
MIL-101(Fe) is in the LS state. But for bimetallic MIL-101(FeNi)
(Fig. 2b), it can be clearly observed that the content of the HS
state (D2) is increased from 37.0% to 67.9%, indicating that Fe**
is transformed from the LS state to the HS state due to the
introduction of Ni**. As presented in Fig. 2c, trimetallic MIL-
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Fig. 2 Spin states of MIL-101(Fe), MIL-101(FeNi) and MIL-101(FeNiTi).
57Fe-Mossbauer spectroscopy of (a) MIL-101(Fe); (b) MIL-101(FeNi)
and (c) MIL-101(FeNiTi) at room temperature. (d) The comparison of
Hess for the three kinds of MOFs.
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101(FeNiTi) formed through the further introduction of Ti**
exhibits the complete conversion of Fe*" to the HS state.
Moreover, the HS state of MIL-101(FeTi) (D2, 65.8%) occupies
a higher proportion than the LS state (D1, 34.2%), but a lower
proportion than the HS state in trimetallic MIL-101(FeNiTi),
which suggests that both Ni and Ti elements play an indis-
pensable role in the low-to-high spin transition of Fe®*
(Fig. S47). Overall, 100% ferric iron can be modulated from the
LS state to the HS state through the simultaneous introduction
of Ni*" and Ti** into MIL-101(Fe) (Fig. S57).

To more explicitly demonstrate the spin state transformation
of the prepared MIL-101, the 3d orbital electron configurations
were described by performing the temperature-dependent
magnetic susceptibility (M-T) measurement due to the high
sensitivity of magnetism to unpaired electrons.**?*
Temperature-dependent paramagnetism can be seen for all
MIL-101 materials (Fig. S6T). And the total effective magnetic
moment (ueg), which intimately relates to the number of
unpaired 3d electrons (1) of Fe**, can be further derived from
linear fittings of the x -7 plots according to the following

equation:*>*

2.828y/xmT = (Meff) =

n(n+2)

It is worth noting that the value of p.s increases with the
introduction of Ni and Ti elements (Fig. 2d), which confirms
that the number of singly paired 3d electrons of Fe*" in trime-
tallic MIL-101(FeNiTi) is indeed increased compared with that
of the pure MIL-101(Fe) and bimetallic MIL-101(FeNi) counter-
parts, corresponding to an effectively improved local spin state
of Fe*".

SERS performance of trimetallic MIL-101(FeNiTi)

Fig. 3a shows the SERS spectra of MB molecules adsorbed on
MIL-101(Fe), bimetallic MIL-101(FeNi) and trimetallic MIL-
101(FeNiTi) substrates under 532 nm irradiation. The stron-
gest peak at 1625 cm™ ' is attributed to the C-C stretching
vibration mode of the thionine ring.** It can be found that the
characteristic peaks of MB can be obviously observed on all
three substrates, and the SERS activity is positively correlated
with the spin state of MIL-101. The EF was quantitatively esti-
mated based on the peak at 1625 cm ™" using eqn (S1)~(S3).T The
calculated EF of trimetallic MIL-101(FeNiTi) can reach as high
as 6.1 x 10°, which is comparable to that of traditional noble
metal-based SERS platforms. In addition, a 785 nm laser was
further utilized to investigate the SERS performance of the
prepared MIL-101 (Fig. S87). It can be seen that the intensities
under 785 nm irradiation are weaker than those under a 532 nm
laser but the characteristic peaks assigned to MB are clearly
observed. The limit of detection (LOD) was further investigated,
as shown in Fig. 3b. It can be seen that the SERS signal of MB
can still be detected even when the concentration of MB is
decreased to 107 ° M, indicating that trimetallic MIL-
101(FeNiTi) has excellent SERS detection ability. In addition,
the universality of trimetallic MIL-101(FeNiTi) as a SERS
substrate was verified for various dye molecules, including rose
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Fig. 3 SERS performance of MIL-101(Fe), MIL-101(FeNi) and MIL-
101(FeNiTi). (a) The SERS spectra of MB (10~ M) adsorbed on the three
kinds of MOF under 532 nm irradiation; (b) the SERS spectra of MB with
different concentrations on trimetallic MIL-101(FeNiTi); (c) the corre-
sponding relative standard deviation (RSD) for the characteristic band
(1625 cm™) based on 10 random positions; (d) the SERS spectra of MB
on trimetallic MIL-101(FeNiTi) preserved for different periods. All
Raman intensities of detected molecules were obtained by deducting
the peaks of the MOF substrates.

bengal (RB, 10> M), acid blue (AB, 10> M) and Congo red (CR,
10~ M) (Fig. S91). It is widely considered that the detection
uniformity is a significant criterion for evaluating the practical
application performance of SERS-active platforms. Therefore,
the SERS signals of MB molecules from 10 randomly selected
positions were collected (Fig. S10t). The relative standard
deviation (RSD) for the characteristic band (1625 cm™') was
further calculated to quantitatively assess the uniformity of
MIL-101(FeNiTi), which was determined to be ca. 5.6% (Fig. 3c),
demonstrating the ideal detection uniformity of trimetallic
MOFs. In addition, the SERS intensities obtained for MIL-
(FeNiTi) kept for 2 weeks, 1 month and 3 months were nearly
the same as those of the as-grown trimetallic MIL-101(FeNiTi).
Even when the duration was extended to 5 months, the
Raman peaks of the MB molecule still did not show any obvious
decrease, exhibiting the excellent long-term chemical stability
of trimetallic MIL-101(FeNiTi) (Fig. 3d). Considering the easy
aggregation of noble metal nanoparticles and the high oxidative
susceptibility of defective oxides under ambient conditions, this
outstanding stability indicates the robust application potential
of MIL-101(FeNiTi) as a SERS substrate.

The origin of high-spin Fe in MIL-101(FeNiTi)

To understand the origin of the high-spin Fe in trimetallic MIL-
101(FeNiTi) and its relationship with the SERS performance, X-
ray absorption near edge structure (XANES) spectroscopy was
utilized to characterize the electronic characteristics of the
transition metal atoms. Fig. 4a presents the Fe K-edge XANES of
Fe foil, Fe,03;, MIL-101(Fe), bimetallic MIL-101(FeNi) and tri-
metallic MIL-101(FeNiTi). The pre-edge peak of MIL-101 is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electronic structure characterization of MIL-101(Fe), MIL-101(FeNi) and MIL-101(FeNiTi). (a) Fe K-edge XANES spectra of Fe foil, Fe,Os,
MIL-101(Fe), bimetallic MIL-101(FeNi) and trimetallic MIL-101(FeNiTi); (b) Fourier transforms of R-space oscillations of Fe for the synthesized
MOFs; (c) Ni K-edge XANES spectra of Ni foil, MIL-101(FeNi) and MIL-101(FeNiTi). XPS spectra of (d) Fe 2p, (e) Ni 2p and (f) Ti 2p for the prepared

MOFs.

assigned to the 1s to 3d quadrupole transition of the octahedral
Fe atom.” The absorption edges of MIL-101(Fe), bimetallic MIL-
101(FeNi) and trimetallic MIL-101(FeNiTi) are closer to that of
the Fe,O; reference and far away from that of Fe foil, suggesting
that the Fe species in these samples exist in the cationic state
(Fig. 4a). Moreover, k*-weighted Fourier-transformed extended
X-ray absorption fine structure (FT-EXAFS) spectroscopy was
conducted to explore the differences in atomic information. Fe
K-edge FT-EXAFS spectra show that the Fe-O bond in bimetallic
MIL-101(FeNi) and trimetallic MIL-101(FeNiTi) is longer than
that in MIL-101(Fe) (Fig. 4b), suggesting that the octahedral
geometry of the Fe sites is distorted after the introduction of Ni
and Ti elements,** which is also consistent with the XRD result.
In addition, the Ni K-edge XANES spectra exhibit a slight shift
towards higher energy (Fig. 4c), suggesting that Ni species with
a higher valence state are formed due to the introduction of Ti
atoms.* The Fourier transforms of R-space oscillations show
that only the Ni-O bond appears in MIL-101(FeNi) and MIL-
101(FeNiTi) (Fig. S11%), implying that Ni exists in modified
MIL-101 as single atoms through replacing the Fe atoms.
X-ray photoelectron spectroscopy (XPS) was further applied
to identify the electronic characteristics of different MIL-101
composites. In the Fe 2p XPS spectra (Fig. 4d), the signals of
Fe*" 2p;;, and Fe®* 2p;, are marked at 711.5 and 724.9 eV,
respectively.* Compared to MIL-101(Fe), the characteristic
band of Fe*" in MIL-101(FeNi) is slightly shifted towards lower
energy, while that of MIL-101(FeNiTi) is shifted towards higher
energy, which means that Fe atoms tend to act as electron
acceptors and electron donors in MIL-101(FeNi) and MIL-
101(FeNiTi), respectively. Additionally, the presence of Ni*" is
verified clearly by the high-resolution Ni 2p XPS spectra of MIL-

© 2022 The Author(s). Published by the Royal Society of Chemistry

101(FeNi) and MIL-101(FeNiTi) (Fig. 4e). The characteristic
peaks at 855.6 and 872.9 eV and their respective shake-up
satellites are attributed to Ni 2p3,, and Ni 2p,,,, respectively.*’
It is worth noting that the binding energy of the Ni 2p;/, peak in
MIL-101(FeNiTi) is positively shifted, suggesting that the elec-
trons should be delocalized around the Ni sites after the
introduction of the Ti dopant.”®* In addition, the successful
introduction of Ti*" is verified by the Ti 2p data; a signal for Ti**
is also observed in the bands located at 462.6 eV and 457.5 eV
(Fig. 4f),* demonstrating that the Ti dopant acts as an electron
acceptor in MIL-101(FeNiTi). It is known that the spin state of
transition metals is dependent on the electronic configuration
and valence state.’® Based on the above results, the introduction
of Ni and Ti causes distortion of the octahedral symmetric Fe-O
sites, which may reduce the crystal-field splitting energy, thus
leading to the transition from the low-spin state to the high-spin
state of Fe®".

Furthermore, density functional theory (DFT) calculations
were also performed to investigate the spin transition of Fe**
among the three kinds of MIL-101. The three models are dis-
played in Fig. S12.1 As disclosed by the density of states (DOS) in
Fig. 5a-c, the Fe ions in MIL-101(Fe) and MIL-101(FeNi) have d-
band centers located at —0.775 eV and —1.159 eV, respectively,
which are higher than for trimetallic MIL-101(FeNiTi) with a d-
band center at —1.369 eV. A lower d band center is supposed to
be less favorable for molecule adsorption.*® Moreover, the
crystal-field splitting energy of the 3d orbitals was also calcu-
lated to understand the spin transition. As shown in Fig. 5d-f,
the t,, and e, centers in MIL-101(Fe) are located at —1.039 and
—0.378 eV with crystal-field splitting energy of 0.661 eV, while
MIL-101(FeNi) and MIL-101(FeNiTi) have smaller crystal-field

Chem. Sci., 2022, 13, 12560-12566 | 12563
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Fig. 5 DFT calculation of the electronic characteristics of different
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the tog and ey orbitals of the Fe atoms in (d) MIL-101(Fe), (e) MIL-
101(FeNi) and (f) MIL-101(FeNiTi).

splittings of 0.297 and 0.147 eV, respectively. According to
crystal-field theory,* the Fe 3d electrons in trimetallic MIL-
101(FeNiTi) preferentially occupy orbitals individually rather
than in pairs, thus resulting in HS Fe atoms. The DFT calcula-
tion confirms that the crystal-field splitting energy of Fe atoms
can be reduced through the introduction of aliovalent Ni and Ti
ions into MIL-101(Fe), thus promoting the low-to-high spin
state conversion of Fe**

SERS mechanism of MIL-101(FeNiTi)

The possibility of resonance absorption for enhanced SERS
activity was first definitively excluded (Fig. S13t) since there is
no difference among the three kinds of MIL-101 material and no
obvious resonance absorption peaks. The spin state of Fe** may
influence the bonding strength between MIL-101 and the
molecule since half-occupied (HS) and empty orbitals (LS) have
different affinity to electrons.® In light of this speculation, the
adsorption energies of different MOF-MB systems were calcu-
lated by DFT calculations. As presented in Fig. 6a-c, the MB
molecule is chemically adsorbed on the surfaces of MOF models
via forming an Fe-S bond with the length in the range of 0.21-
0.27 nm. The energies of MB adsorbed over MIL-101(Fe), MIL-
101(FeNi) and MIL-101(FeNiTi) are —0.96, —1.46 and
—2.16 eV, respectively (Table S37). It turns out that the bonding
strength between MB and MIL-101 follows the order of MIL-
101(Fe) < MIL-101(FeNi) < MIL-101(FeNiTi), consistent with
the ordering of the HS ratio. This result suggests that the metal-
adsorbate interaction should be dependent on the spin state
rather than the d-band center of Fe in MIL-101 since MIL-
101(FeNiTi) has the lowest d band center but highest spin
state.> The enhanced bonding strength should benefit the
interfacial electronic interaction between MB and MIL-101,%>%¢
which is critical to the SERS performance of MIL-101.

The charge difference distribution of MIL-101 with adsorbed
MB was further analyzed to understand the CT between them.
The accumulation region (marked in yellow) for electron density
is around the Fe atoms in the MIL-101 substrates, and the
depletion region (marked in green) is near the S and C atoms in
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MB@MIL-101(Fe), (b) MB@MIL-101(FeNi) and (c) MB@MIL-101(FeNiTi).
The accumulation region for electron density is marked in yellow and
the depletion region is marked in green. The colors of Fe, Ni, Ti, C, O, N
and H atoms are green, purple, pink, gray, red, blue and white,
respectively; (d) schematic representation of the electronic coupling
among Fe, Ni and Ti in MIL-101(FeNiTi).

the aromatic ring. According to the Hirshfeld population anal-
ysis,”” 0.85¢ and 0.97e are transferred from the MB molecule to
MIL-101(Fe) and MIL-101(FeNi), respectively. While for trime-
tallic MIL-101(FeNiTi), the amount of charge transferred from
MB increases to 1.59e. These results suggest that the charge
transfer from the MB molecule is most efficiently promoted over
trimetallic MIL-101(FeNiTi) with the completely HS state of Fe®*".

To explore the relationship between MIL-101(FeNiTi) con-
taining high-spin Fe*" and CT efficiency, the interaction among
different transition metals was further discussed in light of the
electronic characteristics of mixed-valent metal ions in MIL-
101(FeNiTi). For MIL-101(Fe) with LS Fe®', the dominant
interaction between the fully occupied m-symmetry (t,,) d-
orbitals of Fe** and the bridging oxygen (O*>~, transition metal
ions are connected through the bridging oxygen bridges) is
electron-electron repulsion. For MIL-101(FeNi), Ni*" with
paired electrons in 7-symmetry (t,,) d-orbitals interacts with
0>~ via electron-electron repulsion. However, because of the
electronegativity difference between Fe*" (1.651) and Ni**
(1.367),°** the electrons would transfer from Ni to Fe sites
(Fig. S14%), which also agrees well with the XANES and XPS
results. The electron transfer would lead to electron delocal-
ization in MIL-101(FeNi).*® As for MIL-101(FeNiTi) (Fig. 6d),
electrons in Fe* would be repulsed by O®>", and the paired
electrons in O®  interact with Ti'" via strong m-donation,
resulting in partial electron transfer from Fe®" to Ti*". Mean-
while, via O*” as an intermediary, electrons in Ni** would
transfer to d-orbitals of Ti*" powered by strong w-donation. In
this case, the electron transfer among mixed-valence metal ions
with different filling degree of e, orbitals finally leads to elec-
tron delocalization in MIL-101(FeNiTi). It is suggested that the
electron delocalization caused by the coupling between HS Fe,
Ni and Ti ions would improve the conductivity of the SERS
substrate,® which is verified by the highest photocurrent and
the minimum electrochemical impedance (Fig. S15%). The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhanced conductivity is supposed to promote CT.**** There-
fore, benefitting from the formation of high-spin Fe*', the
strong bonding and promoted charge transfer between mole-
cules and trimetallic MIL-101(FeNiTi) both contribute to the
remarkable SERS activity.

Conclusions

In summary, the low-to-high spin conversion of Fe** in MIL-101
was tuned through the introduction of aliovalent Ni** and Ti**
as a result of distortion of the octahedral symmetry. Compared
with MIL-101(Fe) and bimetallic MIL-101(FeNi), the trimetallic
MIL-101(FeNiTi) with completely HS Fe®* exhibited a more
distinct SERS activity with EF up to 6.1 x 10°. Meanwhile,
a prominent detection stability was revealed during long-term
preservation under ambient conditions. The combination of
electronic, magnetic and electrochemical analyses with DFT
calculations demonstrated that the prominent SERS activity is
attributed to the enhanced bonding strength and promoted
charge transfer between molecules and MIL-101 with HS Fe*".
To our knowledge, to date, this is the first report on the in-depth
investigation of the relationship between the spin state of
transition metal-based substrates and their SERS activity. This
development would open up a new avenue to rational design of
distinguished non-noble metal-based SERS substrates.
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