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Operando capturing the nanoscale
electrochemical evolution in the battery is
challenging due to the lack of real-time
and non-destructive detection methods
with sufficient spatial resolution and
sensitivity. Herein, we provided a
methodology for in situ non-destructive
battery characterization using diamond
NV center-based quantum sensing
technology to obtain information on
nanoscale microregions within the
electrode. Our work offers a brand-new
route for high-resolution, sensitive, and
multi-thread monitoring nanoscale
electrochemical evolution in batteries.
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THE BIGGERPICTURE Electrode particles are the most minor functional units of a battery. Their failure and
non-uniformity significantly impact battery performance according to the barrel principle. Therefore,
sensing at the particle level is crucial for accurately assessing the state of the battery. However, current
sensors cannot achieve single-particle spatial resolution. Our proposed methodology, applying diamond
NV center-based quantum sensing technology to the in situ, non-destructive characterization of batteries,
has the potential to address this issue. Diamond NV centers have incredibly high resolution (~1 nm to
~1 pm) and are highly sensitive to critical physical parameters within the battery, such as temperature,
stress, and magnetic fields. This technology is poised to become a multifunctional sensor inside elec-
trodes, holding significant promise for future research into battery materials, failure mechanisms, and life-
span prediction.

SUMMARY

Obtaining the electrode particle level information is an essential prerequisite for diagnosing battery failures
and assessing their state of health (SOH). However, detecting the electrochemical evolution of particles at the
nanoscale is not yet possible due to the lack of real-time and non-destructive detection methods with suffi-
cient spatial resolution and sensitivity. Here, we propose an operando quantum sensing approach in which
diamond nitrogen-vacancy (NV) centers are embedded directly into the internal electrodes to detect the elec-
trochemical evolution at the particle level. The proof of the concept is experimentally demonstrated on an
Fe;0, electrode, where the nanoscale electrochemical evolution is detected by monitoring the magnetic
stray field from nearby electrode particles. Multithreading monitoring achieves a spatially resolved measure-
ment of the internal magnetic field, revealing the heterogeneous reaction kinetics among the individual par-
ticles. Our work provides a brand-new route for high-resolution, sensitive, and multi-thread monitoring of
nanoscale electrochemical evolution in batteries.

INTRODUCTION deviation is a major cause of failure to accurately diagnose, eval-

uate, and predict the electrochemical evolution under actual

Massive, diverse electrode particles as the minimum functional
unit integrate batteries where the available electrochemical per-
formance indicators and their relative measurable physical pa-
rameters (stress, temperature, and magnetic field) are statistical
averages of the whole device, ignoring the diversity of individual
active particles. According to the wooden bucket principle, such

operating conditions, as the weakest particles determine battery
degradation. Therefore, it is imperative to realize the microscopic
observation of the electrochemical evolution at the particle level.
It would provide a basis for assessing batteries’ state of charge
(SOC) and state of health (SOH) in practice. Unfortunately, the
detection of electrochemical evolution at the level of individual
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particles is still not feasible due to the lack of non-destructive
real-time detection methods with sufficient spatial resolution
and sensitivity.'

So far, almost all available sensing technologies used in bat-
tery characterization are too large to focus on the nanodomain
in the electrodes,® such as strain gauge sensors®™ for stress
measurement, thermocouples®’ for temperature, and physical
property measurement systems (PPMSs)®° for magnetic field.
Even the advanced embeddable fiber Bragg grating (FBG)
sensors'®'® can miniaturize one dimension to hundreds of
micrometers for internal electrode scale, and their spatial res-
olution is far from the requirements of nanoscale electro-
chemical evaluation. Meanwhile, considering that the sensor
is embedded in the electrode particles’ complex electrochem-
ical, chemical, and mechanical environment, it must have high
chemical inertness and physical stability against the electro-
lyte and not damage the microscopically embedded areas of
the electrode.®

Based on the abovementioned, the first challenge of operando
battery sensing is to miniaturize an electrochemically inert
sensor to achieve particle-scale spatial resolution (nanometer
to micrometer) and to enable the detection of in situ signals
from nearby particles. Furthermore, the second challenge is to
implant enough non-destructive detection sensors with a simple
and efficient approach to realize multithreading monitoring for
high-space-resolution electrode mapping because the high
spatial resolution is incompatible with a large detection zone, '®
which has a detrimental effect on analyzing the correlation be-
tween the degradation of the whole battery and the individual
electrode particles.

Quantum sensing with diamond nitrogen-vacancy (NV) cen-
ters can meet the above requirements.?*>° Diamond sensors
can provide a tiny sensing volume (nanometer to micrometer),
enabling an extremely high spatial resolution. The optical
interface allows widespread use within electrodes, enabling
multi-threaded detection. The diamond material itself is
robust, chemically stable, and can be used in almost all environ-
ments, ensuring its reliability.?®>” The spin state of an NV center
is sensitive to local physical parameters, including mag-
netic fields,”®*™' temperature,®*=° pressure,**® and electric
fields.***° This opens up promising perspectives for NV-based
battery characterization. NV centers have been proposed as
an in situ ion concentration sensor’’ and as a sensor for static
electric fields in the electrolyte.** However, addressing the
compatibility issues between the diamond NV center-based
quantum sensing system and battery system is challenging,
such as introducing a microwave antenna and laser inside the
battery.

In this work, we developed an integrated NV-battery detection
device and performed in situ magnetic field measurements dur-
ing battery discharge. The spatially resolved electrochemical re-
action process (Fezg04 — FeO — Fe) of an Fe30,4 electrode was
successfully tracked with NV-based quantum sensors, providing
rich, detailed information compared to the results of macro-
scopic electrochemical measurements. The feasibility of high-
resolution, non-destructive in situ microregions and large-area
detection through multithreading monitoring within the battery
electrodes was demonstrated.
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RESULTS

Nanoscale quantum sensor for the battery

As summarized in Figure 1A, battery scale (1 cm to about 10 cm)
and electrode scale (100 um to 1 mm) sensors have been well
developed and used. However, their signal is a statistical
average of particles of 1016 to 1023 and cannot distinguish the
inhomogeneous reaction among individual particles (Note S1).
Compared with conventional sensors, the NV-based quantum
sensor is small enough (10 nm to about 1 pm) to match the
size of active material particles and has the advantages of high
sensitivity, wide working ranges, and inherent chemical inert-
ness to the electrochemical environment. Therefore, it enables
the detection of nanoscale electrochemical evolution in a bat-
tery. More importantly, the diamond particles can be embedded
in the electrode widely to achieve multi-threaded detection and
mapping of physical quantities in a large area of interest. With
these unique features, NV-based quantum sensing provides a
powerful tool for diagnosing battery failure and monitoring bat-
tery health at the electrode/battery level.

An operando battery model is designed to enable the coordi-
nation of the diamond quantum sensing system with the battery,
as shownin Figure 1B (see the corresponding photo in Figure S3).
A quartz cell enables the propagation of the laser, and three
channels are integrated into the cell, including a working elec-
trode, a counter electrode, and a coaxial cable for transmitting
microwave pulses. During battery operation, the active material
electrode undergoes Li-ion intercalation and de-intercalation
associated with the variations in stress, magnetic fields, and
temperature caused by changes in the volume of the electrode,
the valence state of elements for the balance charge, and the
generation of Joule heat. Diamond particles with ensemble NV
centers are embedded in the electrode. The energy levels of
the NV quantum sensor are sensitive to changes of physical
quantities mentioned above (stress F, magnetic fields B,
and temperature T). The changes in the NV energy levels can
be detected using the well-developed technique of optically de-
tected magnetic resonance (ODMR).*® Subsequently, the local
changes in magnetic field, temperature, and pressure can be
tracked (a detailed design of the sensing scheme can be found
in Note S2). In our work, we have chosen the magnetic field as
the object of study, whose change can cause Zeeman splitting
in the electron spin states (ms = +1) of the NV centers. Temper-
ature variations cause overall shifts in the ODMR spectra, which
allows us to calculate the extent of temperature changes based
on the degree of the shift of ODMR spectra.

The magnetic field is chosen as the sensing target in our study,
arising from the close relationship between the changes in the
magnetic properties of active materials and the phase transitions
induced by electrochemical reactions, which provide insights
into electrochemical mechanisms.***° In addition, the capacity
and rate performance of LiFePO,4, one of the most important
positive electrode materials in commercial Li-ion batteries,
are strongly influenced by magnetic impurities,*®" especially
Fe304.°? The magnetic detection achieved through diamond
NV centers promises to precisely localize and quantitatively
analyze magnetic impurities within the battery electrodes and
thus support the development of commercial Li-ion batteries.
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Figure 1. Schematic of the operando quantum sensing for the battery

(A) Comparison of different sensing techniques for battery characterization. Sensing technologies are classified according to the size of the detected area (in the
number of averaged particles contributing to the sensing data) and the measurable physical quantities. SGS, strain gauge sensor; OPM, optically pumped
magnetometers; SQUIDs, superconducting quantum interference devices; PPMS, physical property measurement system; FBG, fiber Bragg grating sensors;
RTD, resistance temperature detector; Thermistors, thermally sensitive resistors.

(B) The device and working principle of NV-based quantum sensing. Diamond particles containing ensemble nitrogen-vacancy (NV) centers are embedded in the
electrode and serve as in situ quantum sensors. The spin state of an NV center is sensitive to its local environment and can be optically polarized and read out
through the transparent quartz window. This enables the remote detection of magnetic field, temperature, pressure, and other physical quantities within a working
battery.

(C) The upper slice shows the energy levels of the ground states of an NV center. The bottom slice shows the effects of magnetic field and temperature on the
ODMR spectra. A magnetic field causes a splitting between the [mg = = 1) states, and a local change in temperature shifts the |[mg = =+ 1) states together.

Tracking operando nanoscale electrochemical

evolution

Toillustrate the feasibility of our scheme, we have chosen a ferro-
magnetic Fe3O,4 electrode as the detection object. This choice
arises from the significant toxicity to the performance of
LiFePQy,, so exploring and analyzing its magnetism can enlighten
the future use of NV sensors in solving problems with commercial
Li-ion batteries. Furthermore, the multistep phase transition of
Fe3O4 during discharge is accompanied by various magnetic
transformations and the elemental valence state. It provides a
representative electrochemical evolution that can be directly de-
tected with diamond NV centers, thereby facilitating the evalua-
tion of the application effectiveness of NV sensors inside the elec-
trode. As shown in Figure 2A, the macroscopic characterization in
situ X-ray diffraction (XRD) shows that the reduction of Fe304 un-
dergoes the following three steps (1) FesO4 + Li* + e~ — FeO +
Li,O (the corresponding theoretical capacity is 231.5 mAh/g), (2)
FeO +e™ +Li" — Fe + Li,O (the corresponding theoretical capac-
ity is 694.5 mAh/g), and (3) additional capacity due to the surface
capacity of Fe/Li,0.° It should be noted that the in situ XRD is the
statistical result of many active material particles, and the inhomo-
geneous reaction kinetics of individual particles have been aver-
aged out. At the same time, NV centers with much higher spatial
resolution can address the abovementioned issues.

ODMR spectra are obtained by recording the fluorescence of
NV centers as a function of the applied microwave frequency. To
optimize the experimental parameters, we first measured zero-
field ODMR spectra at different laser powers, using the zero-field
splitting (D) of NV centers as a local temperature indicator. At
some locations, the focused laser beam leads to an unwanted
heating effect, possibly due to the carbon networks’ absorption
of the laser energy. To avoid the influence of the heating effect on
microscale electrochemical processes, we chose a low laser po-
wer (270 uW) and kept the laser power stable during the following
ODMR measurements. The microwave pulses have an imper-
ceptible heating effect on the electrode (see Note S5 for details).

We then use diamond quantum sensors to monitor the local
electrochemical reaction of a Fe;O,4 electrode at the nanoscale.
Figure 2B shows the confocal image of the electrode after dia-
mond particles (with a diameter of about 1 um and NV concen-
tration of 3.5 ppm) have been embedded in the electrode. The
diamond sensor PO was marked out for further ODMR data
acquirement. The measurement was started simultaneously
with the discharge process of the Fe;Oy4-Li cell. A constant
external magnetic field (about 89 G) was applied to enhance
the magnetic signal variations resulting from the differences in
the magnetic properties of the reaction products (FezO4, FeO,
and Fe nanoparticles).
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Figure 2. Diamond quantum sensors capture the nanoscale electrochemical evolution of the Fe;0, electrode

(A) In situ XRD pattern of the Fe3O4 electrode.

(B) Confocal image of the electrode. Bright spots are diamond particles embedded in the electrode, of which PO was selected for ODMR measurements. PD,
photodetector.

(C) ODMR spectra were measured at PO during battery discharge. An external magnetic field of about 88.9 G was applied. LIA, lock-in amplifier.

(legend continued on next page)
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As shown in Figure 2C, ODMR spectra obtained during battery
discharge show a wealth of detail and the evolution of the local
magnetic field at the PO position. The magnetic field changes
sensed by the diamond NV centers mainly come from the mag-
netic changes of the nearest neighboring active particles rather
than the overall magnetic field intensity changes because the
magnetic field decays cubically in space. The ODMR spectra
exhibit multiple peaks as each diamond particle contains four
orientations of NV centers, with each orientation contributing a
pair of resonant dips. The strength of the local magnetic field
can be estimated by fitting the resonant dips of the spectra
(see the details in the supplemental information).

In the first 50 min, the splitting of the resonant dips decreased
rapidly, indicating a decrease in the local magnetic field (from
91.4 to 71.4 G). This is consistent with the electrochemical reac-
tion FesO,4 + Lit + e~ — Li,O + FeO, as the reaction products, the
FeO nanoparticles, are expected to be in a paramagnetic state
and have more minor magnetic susceptibility than the original
FesO4 nanoparticles. In the following 65 min, the ODMR splitting
recovered, and more resonant dips were observed. This stage
corresponds to the reaction FeO + Li* + e~ — Fe + Li,O because
ferromagnetic Fe particles are magnetized (unlike paramagnetic
FeO particles) under the applied external magnetic field, causing
a continuous increase of the magnetic field. The local magnetic
field reached a maximum of 106.4 G at 115 min, representing
the full reduction of FeO particles to Fe near the PO site. How-
ever, a considerable amount of FeO in other parts of the elec-
trode remains unreduced at this time as the battery discharge
curve shows in Figure 2D. At the macroscopic level, the overall
electrochemical reaction (Fe30, — Fe) took about 567 min,
consistent with the work of Yu and Miao,® and signifies the
achievement of the maximum magpnetic field in the entire battery.
The microscopic phase change from FezO,4 to Fe at the PO
position occurred before the overall electrochemical reaction.
It indicates that the phase change of Fe;O, particles within the
electrode does not occur uniformly, revealing significant differ-
ences in microscopic reaction kinetics.

During the latter discharge process, the magnetic field at PO
slowly decreased (c and d in Figure 2D), possibly due to the
lithium storage mechanism at the Fe/Li,O interface.® Subse-
quently, more and more FeO particles located away from PO
gradually turned to Fe, leading to a slowly increasing resultant
magnetic field around the entire electrode, which explains the
rise observed in the last section (d and e in Figure 2D). We per-
formed further experiments to confirm the microscopic inhomo-
geneous reaction kinetics within the electrode and the correla-
tion between the variation of the magnetic field and the phase
transformation of Fe3O4 (see Note S4 for details). The electro-
chemical reduction pathway and mechanism of Fe30O4 are the
same in both the micro and macro views, but there is a large
gap in the reaction kinetics. A more plausible explanation could
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be related to the existing fabrication processes of the electrode,
leading to microscale non-uniformities, such as variations in
conductivity arising from microscale conductive networks.

Next, we used diamond NV centers as in situ probes to char-
acterize the magnetic properties of the reaction products. After
fully discharging the battery, the ODMR spectrum of the same
diamond particle (P0O) was measured (Figure 2F). An ODMR split-
ting of about 18.2 MHz was observed after removing the external
magnetic field, indicating that the reaction products had little re-
sidual magnetism. Similar results were obtained at two other
points, P1 and P3 (with a splitting of about 10 MHz, as shown
in Figure S10). These results indicate that these Fe particles
are not ferromagnetic but likely exhibit superparamagnetic
behavior, generally observed in Fe nanoparticles smaller than
9 nm.>® Transmission electron microscopy (TEM) images were
taken to confirm the size of the reaction products. As shown in
Figure 2E, the observed Fe particles were about 5 nm in diam-
eter, well below the critical size of the superparamagnetic state
for Fe particles. We also measured ODMR spectra of diamond
particles at a separate electrode containing pristine Fe with a
diameter of about 100 nm (see Figure S10). The pristine Fe elec-
trode (100 nm) exhibited a clear residual magnetism (18.9 G),
which is much higher than the residual magnetism (1.5 G) of
the reduced Fez0, electrode shown above. Observing micro-
scale superparamagnetic phenomena demonstrates the advan-
tages of non-invasive in situ detection with NV-based quantum
sensors. With its high spatial resolution and in situ detection
capability, the NV sensor offers a new method for the non-
destructive characterization of active material inside the
electrode.

Multithreading monitoring inside an electrode

This section demonstrates the potential of multi-threaded quan-
tum sensing of the magnetic field in the electrode. Figure 3A
shows five diamond particles are selected and labeled in an
area of about 200 x 200 (um?). The magnetic field map at all
selected positions can be obtained in this extended area with a
longer integration time. The initial distribution of the magnetic
field (before discharge) is shown in Figure 3B. We can interrupt
the reaction during battery discharge and perform ODMR mea-
surements. The procedure made it possible to document the
temporal variations in the magnetic field distribution, as shown
in Figure 3C. The results show remarkable variations in the mag-
netic field’s magnitude and trends among the particles. As
shown in Figure 3B, the magnetic field strengths differ signifi-
cantly between the individual positions (e.g., 121.6 G at P1 and
70.1 G at P4). The observed variations are probably influenced
by the environmental conditions surrounding the NV sensors.
Some NV sensors are close to the active materials, while others
are close to the carbon network or binders. The detected mag-
netic field could be significantly more significant in the first

(D) The discharge profile of the Fe304-Li cell and the corresponding magnetic field evolution at PO derived from the ODMR spectra. The electrochemical reaction
process is divided into three stages (Fe;0, — FeO — Fe), and the magnetic signals from the reaction products vary in each stage. The inset illustrates the

duration required for the reduction of FezO,4 to Fe.
(E) TEM image of the Fez0,4 electrode after fully discharging.

(F) ODMR spectra measured at PO after fully discharging. The red line was measured as the external magnetic field was removed, showing the super-

paramagnetic behavior of the reduced Fe particles.
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Figure 3. Magnetic field mapping inside the Fe;0, electrode
(A) Confocal images of the electrode with diamond particles, of which P1-P5

are selected for the ODMR measurements.

(B) Magnetic field distribution in the FezO, electrode at the initial moment with an external magnetic field (87.5 G).

(C) The discharge profile of the FezO,-Li cell and the corresponding variation of
of the magnetic field measurements.

case. It offers the possibility of using NV sensors to distinguish
different electrode components. In addition, the trend of
magnetic field evolution can also help to distinguish non-active
materials. The magnetic field variations at P2 (maximum, 94.0
G; minimum, 90.7 G), P3 (maximum, 89.4 G; minimum, 81.6 G),
P4 (maximum, 70.1 G; minimum, 63.1 G), and P5 (maximum,
78.2 G; minimum, 75.6 G) do not exceed 10%. We hypothesize
that the NV sensors located at these four points are potentially
affiliated with proximity to carbon networks or a binding agent
instead of magnetic active material.

To summarize, the multi-threaded in situ detection exper-
iments revealed significant variations in the magnetic

6 Device 2, 100521, December 20, 2024

the magnetic field at five positions, where the numbers 0-9 represent the iterations

field distribution within the battery electrodes. Using time-
resolved magnetic field mapping, we can distinguish active
and non-active materials based on trends in magnetic field
variation. We perform diamond quantum sensing experi-
ments with a confocal microscopy system and restrict our
multi-threaded measurements to a limited number of points.
In the future, we plan to advance wide-field imaging meth-
odologies, facilitating simultaneous measurements of the
entire field of view. With the further development of this
technology, large-scale, high-resolution, sensitive, and real-
time detection of physical parameters within the electrodes
can be achieved.
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DISCUSSION

In this study, we have proposed an operando quantum sensing
method that simultaneously captures the nanoscale electro-
chemical evolution and monitors large regions by multi-threaded
measurement. By real-time detection of the magnetic field of
FesO,4 particles during the electrochemical reaction, we have
successfully obtained a complete picture of the phase transfor-
mation process of the electrode and observed the direct exper-
imental evidence of the superparamagnetic state for the reduced
Fe nanoparticles. Our results reveal inhomogeneous reaction ki-
netics within the electrode. Magnetic field mapping at multiple
points within the electrode revealed the diverse nature of the
active material, binder, and carbon networks within the battery
structure, which would have great potential to distinguish mag-
netic impurities within the commercial electrode. Besides, we
have preliminarily demonstrated that NV centers measure the
local temperature in the battery to display the potential of our
multifunctional sensing.54 Overall, we believe that NV-based
quantum sensing is promising and unique for batteries, providing
detailed information from a microscopic point of view, which is
crucial for promoting failure diagnosis, performance prediction,
and mechanism exploration for batteries.

EXPERIMENTAL PROCEDURES

Preparation of Fe;0,4-Li cells

All cells were assembled using 1 M LiPFg in ethylene carbonate (EC) /
dimethyl carbonate (DMC) (1:1, w/w) as electrolyte without separator. To fabri-
cate Fe;O4 cathode, Fe;04, carbon black (CB), and polyvinylidene fluoride
(PVDF) with a weight ratio of 7:1:2 in N-methyl pyrrolidinone (NMP) were mixed
in an SK-300SII CE mixing machine (Shashin Kagaku) for 20 min at the speed
of 2,000 rpm, producing a black slurry. The slurry was spread uniformly on a
clean Cu foil and then dried. Ethanol suspension with 1-um diamond-contain-
ing NV centers was added to the electrode by drops and the diamond ac-
counted for 19, of the total electrode mass. Then the electrode was dried in
air. The 100-nm Fe electrode used in Figure S10 has the same proportion of
active material, CB, and PVDF and the same process. Batteries were tested
at room temperature by the LAND battery test system (Wuhan, China).

Sample characterizations

In situ XRD was performed using a Bruker D8 Focus X-ray diffractometer, with
measurement angle range 20 = 25°—68° and each scan cycle takes 900 s.
High-resolution TEM (HRTEM) images were acquired on JEOL ARM-200F
spherical aberration correction transmission electron microscope at 200 kV.
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