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Magneto-ionics, real-time ionic control of magnetism in solid-state materials, promise
ultralow-power memory, computing, and ultralow-field sensor technologies. The real-
time ion intercalation is also the key state-of-charge feature in rechargeable batteries.
Here, we report that the reversible lithiation/delithiation in molecular magneto-ionic
material, the cathode in a rechargeable lithium-ion battery, accurately monitors its
real-time state of charge through a dynamic tunability of magnetic ordering. The elec-
trochemical and magnetic studies confirm that the structural vacancy and hydrogen-
bonding networks enable reversible lithiation and delithiation in the magnetic cathode.
Coupling with microwave-excited spin wave at a low frequency (0.35 GHz) and a mag-
netic field of 100 Oe, we reveal a fast and reliable built-in magneto-ionic sensor moni-
toring state of charge in rechargeable batteries. The findings shown herein promise an
integration of molecular magneto-ionic cathode and rechargeable batteries for real-time
monitoring of state of charge.

magneto-ionics j sensor j lithium-ion battery j state of charge j molecule-based magnet

Magneto-ionic materials rely on ionic conduction and immobilization to tune their
real-time magnetism (1–4), while the ion insertion/extraction in battery electrode mate-
rials are the key feature in rechargeable batteries in controlling their real-time state of
charge (SOC). However, it is challenging to precisely monitor the real-time SOC due
to the complex parameters involved in charging/discharging of rechargeable batteries
(SI Appendix, Table S1). To enable the real-time SOC using magneto-ionics, we sur-
mised the following design parameters: 1) magneto-ionic material should be an ion
conductor with reversible valence states to enable the ion insertion and extraction; 2)
the extent of ion insertion/extraction and magneto-ionics should be bijective for the
SOC estimation; and 3) the monitoring of ionic-responsive magnetism should be
compatible with the operation of batteries. Here, we report magneto-ionic cathode
material, compound 1 (V[Cr(CN)6]0.85�1.74H2O; SI Appendix, Figs. S1 and S2), to
monitor real-time SOC through reversible lithiation and delithiation in a lithium-ion
(Li-ion) battery. Recent years have witnessed a shift toward responsive molecular
hybrid materials due to their lightweight character, synthetic versatility, structural
vacancy, and low Gilbert damping (5–11). The structural vacancy of such a porous
network could induce mass transfer (such as proton and alkali metal ions), promising
magneto-ionic control of its magnetism (12–17) and gaining attention as the electrode
material in Li-ion batteries. The structural vacancy networks, serving as the ion migra-
tion channels, enable a high ionic conductivity (Fig. 1 B, Inset) to avoid the space
charge zone and promote diffusion kinetics (18). Fourier transform infrared spectros-
copy (FTIR) and computational modeling further suggest that the ionic control of
magnetism in such a compound can be ascribed to the redox behavior of transition
metal ions. Radiofrequency (RF)-based ferromagnetic resonance (FMR) excites the
spin wave to monitor lithiation-controlled magneto-ionics (Fig. 1A), paving the way
for the real-time SOC evaluation in Li-ion batteries at a low frequency and a magnetic
field of 0.35 GHz and 100 Oe, respectively (Fig. 1B), significantly lower than that of
an inorganic magnetic electrode. As compared to terminal voltage and open-circuit
voltage (OCV)-based approaches, the magneto-ionic-based sensor has a more than
20-fold improvement in accuracy and a more than 50-fold decrease in response time.

Results

To examine the reversible Li insertion/extraction in magnetic compound 1 cathode
material, we show a typical potential versus capacity profile for a stable charge/dis-
charge cycle with respect to Li metal after activation (Fig. 2A and SI Appendix, Fig. S3)
(19–21). The operating Li intercalation and deintercalation voltage of compound 1 is
centered on approximately 1.5 V versus Li/Li+. Fig. 2B shows rate performance of
compound 1 as a cathode material at various C rates. The discharge capacity reaches
153 mAh g�1 under 0.1 C rate. Even with a high 10 C discharge rate, the electrode

Significance

Magneto-ionics promise ultralow-
field sensor technologies.
Meanwhile, the extent of real-time
ion insertion/extraction of an
electrode is the key state-of-
charge (SOC) feature in batteries.
We report lithiating magneto-ionic
material to enable the precise SOC
sensor monitoring in Li-ion battery
using a molecular magnetic
electrode. A microwave-excited
spin wave reveals the lithiation
level in the molecular-magnetic
cathode, enabling precise
magneto-ionic-based SOC
monitoring under a lowest
frequency and magnetic field of
0.35 GHz and 100 Oe, respectively,
significantly lower than that of an
inorganic magnetic electrode.
More importantly, the magneto-
ionic-based sensor shows a more
than 2,000% increase in accuracy
and a more than 5,000%
reduction in response time. The
findings provide the pathway
toward the real-time accurate SOC
estimation using molecular
magnetic electrode.

Author contributions: Y. Hu and S.R. designed
research; Y. Hu, W.G., and S.W. performed research;
Y. Hu, S.K., Y. Huang, and Z.L. contributed new
reagents/analytic tools; Y. Hu, W.G., S.W., Y.C.L., F.Y.,
Q.Y., and S.R. analyzed data; and Y. Hu, W.G., Y.C.L.,
F.Y., Q.Y., and S.R. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
yuguangl@buffalo.edu, feiyao@buffalo.edu, qiminyan@
temple.edu, or shenren@buffalo.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2122866119/-/DCSupplemental.

Published June 13, 2022.

PNAS 2022 Vol. 119 No. 25 e2122866119 https://doi.org/10.1073/pnas.2122866119 1 of 6

RESEARCH ARTICLE | CHEMISTRY

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122866119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122866119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122866119/-/DCSupplemental
https://orcid.org/0000-0002-9616-0134
https://orcid.org/0000-0002-9559-7051
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yuguangl@buffalo.edu
mailto:feiyao@buffalo.edu
mailto:qiminyan@temple.edu
mailto:qiminyan@temple.edu
mailto:shenren@buffalo.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122866119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122866119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2122866119&domain=pdf&date_stamp=2022-06-09


material still provides 20 mAh g�1 capacity. When returning to
0.1 C rate, the capacity recovers to 144 mAh g�1, indicating
the stable cycling of compound 1 as electrode material. In Fig.
2C, we performed electrochemical impedance spectroscopy
(EIS) on compound 1 at different discharge voltages to further
understand its charge/discharge kinetics. The EIS results are fit-
ted with an equivalence circuit (Fig. 2 C, Inset). The series

resistor (Rs), representing the ohmic resistance of the electrode
assembly, does not show an obvious change with the SOC.
The charge-transfer resistance (Rct) between the electrode and
electrolyte is fitted to be around 40 Ω at 2.5, 2, and 1.5 V.
Upon lithiation to 1 and 0.5 V, Rct increases significantly to 88
and 103 Ω, respectively. This is consistent with the expectation
of a battery intercalation material at 0.5 V versus Li/Li+, when

Fig. 1. Molecular magneto-ionics for monitoring SOC in rechargeable Li-ion battery. (A) Illustration of magneto-ionic-based SOC estimation. The incident RF
field could excite a spin wave in the molecular magnet electrode at FMR condition, causing a change in the outgoing RF field. The change in the outgoing RF
field is correlated with the lithiation level, proving a way for monitoring the SOC in a Li battery. (B) The required lowest RF field frequency (SOC estimation
frequency) and magnetic field (SOC estimation magnetic field) for magnetic electrode-based SOC estimation in a Li battery (SI Appendix, Table S2). (Inset) The
ion migration energy landscape. The molecular magnet shows more diffusion channels due to its unique vacancy structure, which results in a large ionic
conductivity for the Li battery. According to the following equation, the low saturated magnetization (Ms) and resonance field (Hres) values of such a molecu-
lar magnet are beneficial for obtaining a low microwave frequency: f ¼ gμ0μB

h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hres ðHres þMsÞ

p
. Here, f is the RF for magnetic resonance at Hres, μB is Bohr mag-

neton, μ0 is vacuum permeability, and h is Planck’s constant (12, 13, 23, 36).

Fig. 2. Electrochemical performance and kinetic analysis of the compound 1–based electrode. (A) The discharge-charge curve for compound 1–based Li-ion
battery under 1 C rate. (Inset) The relationship between magnetization control and the lithiation/delithiation reaction in the Li-ion battery (Li/compound 1).
(B) The rate performance of the electrodes at different C rates. (C) Nyquist plots for compound 1 at different lithiation levels. The Nyquist plot consists of a
high-frequency series resistor (Rs), a medium-frequency depressed semicircle associated with charge-transfer resistance (Rct), a low-frequency linear part
corresponding to the Warburg diffusion region (W), and a constant phase element. (D) Cyclic voltammetry curve for compound 1 at 10 mV s�1. (Inset) The
FTIR spectra for pristine compound 1 and after lithiation.
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compound 1 is full of Li-ion within its lattice; a larger charge
transfer resistance is expected in order to further intercalate
excess Li-ion. Fig. 2D shows the cyclic voltammetry curve of
compound 1 at a scan rate of 10 mV s�1, evidencing the inser-
tion and extraction of Li-ions. The peak observed around 1.3 V
versus Li/Li+ corresponds to the reduction of [CrIII(CN)6]

3� to
[CrII(CN)6]

4� with the corresponding oxidation taking place at
2.2 V versus Li/Li+ (22). The redox feature observed during the
cyclic voltammogram can be matched roughly to the charging/
discharging plateau during the cycling (Fig. 2A). Furthermore,
the vibrational shift of the compound is also supported by the ex
situ FTIR measurement (Fig. 2 D, Inset). The peak at 2,108
cm�1 corresponds to the C≡N bond, while upon lithiation, it
disappears; meanwhile, two new peaks emerge at lower wave-
numbers of 2,075 and 2,012 cm�1, suggesting the deformation
of the C≡N groups due to the reduction of [CrIII(CN)6]

3� (23).
The structural vacancy in compound 1 enables the insertion

and extraction of Li ions (24–26), which, in turn, leads to the
dynamic and reversible tuning of magnetic exchange interactions
in compound 1. Fig. 3A shows the temperature-dependent mag-
netization of compound 1 during the Li insertion/extraction.
Before lithiation, it shows a typical magnetic transition between
low-temperature ferrimagnetic phase and high-temperature para-
magnetic phase with a critical temperature (Tc) of 317 K (7, 27,
28). The Tc of compound 1 decreases to 220 K at a lithiation
level of 115 mAh g�1, while after delithiation, the Tc of com-
pound 1 can be restored to 315 K. Fig. 3B shows the room-
temperature magnetic hysteresis loops for compound 1 measured
at different states of charge. The saturated magnetization is
decreased from 1.07 to 0.04 emu g�1 with the lithiation to a
level of 115 mAh g�1. The Li-cation insertion–induced magnetic
response in compound 1 can be reversible. After delithiation, the
saturated magnetization is restored to 1.03 emu g�1, close to its
original value.

The FMR measurements are further performed to study
magneto-ionic control in compound 1. Fig. 3C shows the broad-
band FMR derivative spectrum under various microwave frequen-
cies. The resonance microwave frequency and magnetic field show
a linear relationship. At 0.35 GHz microwave source, a very low
resonance magnetic field of 126 Oe is obtained. The narrow
peak-to-peak width, ΔH, of ∼56.2 Oe at 0.35 GHz (SI
Appendix, Fig. S4) indicates its homogeneity. We further perform
in situ FMR measurements during the lithiation process under 0.
35-GHz microwave frequency to confirm that Li intercalation
and magnetic performance are bijective. As shown in Fig. 3D, the
FMR signal becomes weaker as more Li ions are intercalated into
compound 1, and the FMR signal disappears at a discharging level
of 117 mAh g�1, suggesting that room-temperature ferrimagnetic
phase is fully switched to the paramagnetic phase.

First-principle calculations based on density-functional the-
ory (DFT), using a material model of LixV8[Cr(CN)6]7�14H2O
(x = 0, 8; Fig. 4 A and B), provide a mechanistic understanding
of its magneto-ionic control, on which the compound under-
goes a large lattice expansion after Li insertion (SI Appendix,
Table S3) due to the change in charge distribution (Fig. 4 C
and D). The lattice expansion occurs along all three lattice
directions during the insertion of Li ions, which results in a
total volume change of 2.88% ( SI Appendix, Table S4). It
should be noted that the vacancies in the lattice provide path-
ways for Li-ion migration. SI Appendix, Fig. S5A shows the
ligand and zeolitic water molecules cooperatively form a net-
work through hydrogen bonds, providing a fast conducting
network based on the diffusion-free Grotthuss mechanism (29).
The water network–mediated electron migration mechanism
can be supported by the increase in charge transfer resistance
after lithiation due to the breaking of hydrogen-bonded perco-
lation network (Fig. 2C and SI Appendix, Fig. S5B). Fig. 3 E
and F show the spin-polarized projected density of states onto

Fig. 3. Magneto-ionic switching of magnetization for compound 1. (A) Temperature dependence of magnetization for compound 1 after lithiation and
delithiation. (B) Magnetic hysteresis loops of the experimental device that was discharged and charged at different levels during the first discharge-charge
process. (C) Room-temperature FMR spectra at different RF conditions and the resonance frequency as a function of resonance field for compound 1.
(D) Room-temperature FMR spectra under 0.35 GHz for compound 1 cathode inside the battery at different discharge levels.
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the orbitals of each atom. Due to the ligand field effect from the
octahedral bonding environment for V and Cr atoms, 3d orbitals
are separated into eg and t2g groups. The population in t2g orbi-
tals of Cr and V dominates the electronic states near the Fermi
level. The spins on Cr and V orient antiferromagnetically, result-
ing in a net magnetic moment of 0.5247 μB per unit cell. The
C, N, and Li elements show a negligible total polarization (SI
Appendix, Fig. S6 and Table S4). After inserting Li cations, elec-
trons from Li atoms fill the 3d orbitals of neighboring V atoms
and convert their electron configurations into half-filled states,
leading to an increase in the magnetic moments. 3d orbitals of
neighboring Cr atoms become more than half-filled by electrons
of Li atoms, resulting in the decrease in the magnetic moments.
The dramatic change of magnetic moments is mainly induced
by those magnetic atoms that are close to Li atoms and water
molecules (SI Appendix, Table S4), due to the short-range nature
of electron donation from Li atoms.
Room-temperature magneto-ionic coupling features in com-

pound 1 promise to monitor real-time SOC in Li-ion batteries.
As shown in Fig. 5A, we provide a magneto-ionic control path-
way to enable the SOC estimation for a Li-ion battery consist-
ing of Cu (current collector) + compound 1/separator/coplanar
waveguide (CPW)/separator/Li + Cu (current collector). As
shown in SI Appendix, Figs. S7–S9, an external static and alter-
nating current (AC) magnetic field is applied to match the
microwave frequency to excite the spin wave while the CPW is
applied as the spin-sensing unit. The static magnetic field is
aligned in-plane of the cathode material. The simulation shows
that the CPW can generate a pronounced electromagnetic
field around the sensing region (Fig. 5B). The derivative of the
microwave absorption intensity (I) with respect to the magnetic

field dI/dH (FMR signal) is measured when H and f fulfill the
resonance condition of compound 1.

The resonance frequency does not shift during the lithiation
(Fig. 3D), which enables a constant field to study the lithiation
level. We select a 0.35-GHz microwave source and 100-Oe sat-
uration magnetic field for the following studies. As shown in
the top panel of Fig. 5C, the discharging-dependent FMR sig-
nal under different discharging rates is consistent, suggesting its
accuracy and reliability. For a discharging level of 15 mAh g�1,
the FMR signal shows a subtle variation of 2.3% as the dis-
charging rate increases from 1 to 10 C (SI Appendix, Fig. S10).
As a comparison, we also present the traditional terminal volt-
age (potential between cathode and anode) method for the
SOC estimation. As shown in the bottom panel of Fig. 5C, the
terminal voltage changes significantly with the discharging rate.
For a discharging level of 15 mAh g�1, the terminal voltage
displays a significant decrement of 51.7% as the discharging
current is increased from 1 to 10 C (SI Appendix, Fig. S10),
challenging for a precise SOC estimation. In addition, com-
pared with the OCV method, the magneto-ionic cathode
material–based real-time SOC estimation shows two advan-
tages. First, a noncontact molecular magneto-ionic sensor, a
cathode material, can provide real-time SOC estimation with-
out the need of a long disconnection from the load. Second, a
magneto-ionic sensor shows a fast response to the output
change. As shown in Fig. 5D, when the cell is disconnected
from the load, the FMR signal shows the response time of less
than 1 min. However, the OCV drops drastically and then
declines gradually after being disconnected from the load;
therefore, a stable OCV could take more than 50 min for the
SOC estimation (30, 31).

Fig. 4. DFT calculation for ionic control of magnetism. The atomistic structure model is viewed along the c axis for (A) V8[Cr(CN)6]7�14H2O and
(B) Li8V8[Cr(CN)6]7�14H2O. The charge density map is viewed along the c axis for (C) V8[Cr(CN)6]7�14H2O and (D) Li8V8[Cr(CN)6]7�14H2O. Spin-polarized partial
densities of states are projected onto d orbitals of (E) Cr and (F) V elements.
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Conclusion. A molecular magneto-ionic cathode material in a
rechargeable Li-ion battery is demonstrated, in which its struc-
tural vacancy and hydrogen-bonding networks enable the lithia-
tion and delithiation for magneto-ionics, which in turn lead to
real-time SOC monitoring in batteries. The magneto-ionic
control of magnetism in compound 1, dynamic and reversible
tunability of the Tc from 317 to 220 K, is further corroborated
through the FMR and computational modeling studies. The
microwave-excited spin wave in molecular magnetic cathode
reveals the lithiation and delithiation levels, enabling a real-
time magneto-ionic-based SOC in rechargeable batteries under
a low magnetic field of 100 Oe and a RF of 0.35 GHz. The
magneto-ionic-based sensor shows a more than 20× increase in
accuracy and a more than 50× reduction in response time com-
pared to the terminal voltage-based and OCV-based methods,
respectively. It has to be mentioned that further studies could
be performed in exploring new molecule-based magnetic elec-
trodes with large capacities.

Materials and Methods

Magnetic Properties, Morphology, and Optical Characterization. Mag-
netic properties measurements are performed by vibrating sample magnetometer
(MicroSense EZ7-380V). Scanning electron microscope (SEM) and energy-
dispersive X-ray spectrometer (EDS) experiments are carried out in a Hitachi
S4000 field emission SEM EDS. Agilent Cary 630 FTIR spectrometer is
applied for FTIR measurement.

Thermal Analysis. Thermal analysis is carried out by a TA Instruments SDT
Q600 Differential Calorimeter/Thermogravimetric Analyzer under N2 atmosphere
at 10 K min�1.

FMR. FMR is performed by irradiation of a microwave using a continuous
wave FMR system. The FMR system uses a microwave vector network analyzer
(Agilent/HP 8719D; 0.05 to 13.5 GHz), which is then connected to a CPW with a
sample kept in close proximity to the waveguide. The microwave absorption by
the sample is measured via a phase-sensitive detection using a Schottky detector
connected to the CPW. Field modulation to the static magnetic field is provided
by Helmholtz coils, which are needed for locking detection. S21 parameter is
measured with Agilent/HP 8719D.

Electrochemical Measurement. Electrochemical insertion/extraction of Li cati-
ons for compound 1 is performed in a half cell using 1 M LiClO4 in propylene
carbonate as an electrolyte and Li metal as a counterelectrode. Compound 1 is
used as the working electrode, and Li metal is used as both the counter and
working electrodes. A metrohm Autolab PGSTAT204 is used for all electrochemi-
cal measurements. Cyclic voltammetry curves were collected at 10 mV s�1 within
the range of 0.5 to 2.5 V versus Li/Li+. Coin-type batteries (CR2032) are pre-
pared in an Ar-filled glove box for EIS tests. The coin cell is constructed by 3 mg
compound 1, Li foils cathodes, 1 M LiClO4 electrolyte, and a polypropylenes sep-
arator. EIS is measured from 100 kHz to 0.1 Hz and with an AC signal of 10 mV
in amplitude as the perturbation at different direct current voltages.

DFT Calculations. To capture both covalent and hydrogen bonding interactions
in the materials, first-principles calculations are performed in a 2 × 2 × 1 super-
cell using the strongly constrained and appropriately normed semilocal density
functional (32) implemented in Vienna Ab initio Simulation Package code (33).
The atomic structures are relaxed with a force tolerance of 0.01 eV ˚A�1. An
energy cutoff of 400 eV and a 2 × 1 × 1 reciprocal space grid with Monkhorst-
Pack method (34) are used for all calculations. To take the strong correlation
effect of transition metal elements into consideration, an effective Coulomb inter-
action is considered in the DFT+U framework with a U¼ 1:0 eV used for V
atoms in the calculations. The optimal U value is referred to a recent work (35).

To understand the role of Li insertion in the magnetic properties of transition
metal atoms in the supercell, we doped eight Li atoms in each supercell. Several
possible doping configurations are considered, and the Li-doped supercell with

Fig. 5. Magneto-ionic cathode–based Li-ion battery for the SOC estimation. (A) Picture and structure of the RF magneto-ionic-based Li-ion battery. (B) Simu-
lation for the distribution of microwave-generated magnetic field in the battery. C-1 and S represent Cu + compound 1 and separator, respectively. (C) Nor-
malized FMR signal versus released capacity for compound 1 cathode inside the battery at different discharging rates. Potential versus released capacities
for compound 1 cathode inside the battery at different discharging rates. (D) Time-dependent potential and FMR signal after the cell is disconnected from
load. OCV = VB + Vi � eð�t=RbCbÞ. VB is the internal voltage; Cb is the lumped capacitance of the cell; Vi is the initial voltage across Cb and Rb; Ra is the integrated
resistance of cell connections; and VRa is the voltage drop on Ra. The applied magnetic field and RF field are 100 Oe and 0.35 GHz, respectively. t1 and t2 indi-
cate the response times for magneto-ionic electrode-based and OCV-based methods, respectively.
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the lowest energy after structural relaxation is chosen for further self-consistent
calculations.

Data Availability. All study data are included in the article and/or
SI Appendix.
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