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Abstract  

New methods are urgently required to identify degradation and failure mechanisms in high energy 

density energy storage materials such as Ni-rich LiNi0.8Mn0.1Co0.1O2 cathodes (NMC811) for Li-ion 

batteries. Understanding and ultimately avoiding these mechanisms requires in-situ tracking of the 

complex electrochemical processes that occur in different parts of battery cells. Here we demonstrate 

a new operando spectroscopy method that enables the tracking of electrolyte chemistry, applied here 

for high energy density Li-ion batteries with a NMC811 cathode, during electrochemical cycling. This is 

achieved by embedding a novel hollow-core optical fibre probe inside the battery to monitor the 

evolution of electrolyte species by background-free Raman spectroscopy. Our data reveals changes in 

the ratio of carbonate solvents and electrolyte additives as a function of the cell voltage, as well as 

changes in the lithium-ion solvation dynamics. This advanced operando methodology delivers a new 

way to study battery degradation mechanisms, and the understanding it develops should contribute to 

extending the lifetime of next-generation batteries. 

mailto:te287@cam.ac.uk
mailto:jjb12@cam.ac.uk
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Introduction  

The development of longer-lasting batteries requires that the degradation mechanisms that cause Li-ion 

battery (LIB) failures are better understood. The performance loss is particularly high in electrical-vehicle 

batteries with next-generation high energy cathodes, such as Ni-rich LiNixMnyCo(1-x-y)O2 (NMC, x>0.6),1 

where a wide range of damaging mechanisms have been proposed, involving different cell materials and 

coupled reaction processes.2–11 Suggested mechanisms include inter- and intra-granular cracking of 

cathodes2,3 leading to capacity loss and to dissolution, and release of transition metal ions, affecting the 

formation and stability of the anode Solid Electrolyte Interphase (SEI) layer that is essential for battery 

operation.4,12–15 Additional destructive processes include lattice oxygen release at the electrode-

electrolyte interface (EEI) of the NMC cathode.10,11 The onset potential for this is lower for NMCs with 

higher Ni content,5,6 where oxygen loss results in a structural transformation of the surface.7,16,17 Oxygen 

release has also been linked to the observed (electro)chemical degradation of the Li+-solvated carbonate 

solvents that comprise the electrolyte, such as Ethylene Carbonate (EC).5,18–20 Additives such as Vinylene 

Carbonate (VC) are often added to improve SEI stability but their role in cathode processes is less clear.8,9,21 

A particularly sensitive probe of such coupled mechanisms is the electrolyte, because it contains a range 

of reaction by-products, the study of which should thus lead to an improved understanding of the complex 

interactions that cause the overall cell degradation. 

Unfortunately, there is currently a lack of experimental techniques for operando monitoring of the 

electrolyte composition and structure within full-cell batteries. The ideal sensor would (i) not perturb the 

device operation, (ii) be non-destructive, (iii) not compromise safety, (iv) work during battery operation, 

and (v) be easily combined with other cell components without affecting the operation and lifetime of the 

battery.22 Suitable sensing probes include the molecular vibrational spectroscopies, FT-IR and Raman,23 

which have recently gained popularity in battery science due to their ability to provide a safe, fast, and 



   

 

Page 3 of 29 

 

label-free analysis of the chemical composition and evolution of different battery components. Recent 

examples are the in-situ FT-IR analysis of the oxidation of EC at the LiNi0.8Mn0.1Co0.1O2 (NMC811) 

interface,9 and in-situ Raman studies on graphite electrodes.24,25  

In the above studies, experiments are typically carried out in half-cell configurations with optical access 

windows, and processes are investigated at either the negative or positive EEI. A drawback of half-cell 

geometries is that they result in different (electro)chemical behaviour compared to that in full-cells. In 

addition, the electrode-surface to electrolyte-volume ratio in such cells is often much smaller than in 

commercial cells, and electrolyte measurements in such systems do not necessarily capture the complex 

cross-talk and interplay between cathode, anode, and electrolyte processes within batteries under real 

working conditions,26 or allow commercial cells to be studied. There is therefore an urgent need to 

develop non-perturbing optical detection methods for full-cell batteries, to enable studies of the 

electrolyte’s role in more complex degradation processes and failure mechanisms, ultimately leading to 

real time electrolyte monitoring in commercial cells.  

Fibre-optic devices are emerging as useful non-perturbative sensors within batteries due to their small 

footprint, non-conductance, and chemical stability. For example, fibre Bragg sensors can be used to 

monitor volume- and temperature changes in batteries during cycling.27,28 More recently, carefully 

processed silica fibre probes29 were used to monitor electrolyte composition near the tip of a fibre by 

Raman spectroscopy.30 This work was based on solid-glass optical fibres, which face several limitations: 

first, the short interaction length between the pump light and sample results in relatively weak Raman 

signals. In addition, the pump light is delivered through a solid silica fibre, resulting in a significant Raman 

background that limits the detection sensitivity. 
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Hollow-core optical fibres (HC-fibres), on the other hand, offer an excellent way to remove the silica 

Raman contribution and to enhance the light-matter interaction length. These HC-fibres comprise a 

central core channel surrounded by a glass microstructure designed to support low-loss light guidance 

within a specific wavelength range. Early designs relied on photonic bandgap and interference effects in 

periodic cladding structures.31,32 HC-fibres have since found application in gas-based non-linear optics33 

and as liquid-filled optofluidic microreactors for a range of photochemical and catalytic reactions.34 In 

Raman spectroscopy, HC-fibres have been exploited in the flexible and background-free delivery of pump 

light to a sample,35–37 and for background-free Raman sensing in aqueous samples in a hollow-core 

photonic bandgap fibre.38 Recently, it has been shown that simplified HC-fibre structures, consisting of a 

single ring of capillaries surrounding a central waveguide core (see Fig. 1), can also provide excellent low-

loss guidance.39–43 A major advantage of these fibres is their simplified fabrication process and less 

complex cladding structure that facilitates the infiltration of liquid samples.  

Here we use simplified hollow-core fibre probes to overcome significant challenges for operando battery 

spectroscopy methods. A sub-µL electrolyte sample from a working NMC811-graphite LIB is repeatedly 

sampled into the fibre core, and its chemical composition analysed by background-free Raman 

spectroscopy. The sample is infused back into the battery, and the measurement is repeated continuously, 

resulting in a real-time trace of the electrolyte chemistry during battery cycling.  

Multiple studies have found that the solvent EC and additive VC are involved in crucial reaction pathways 

at the surface of the SEI at graphite anodes and in the bulk electrolyte.9,20,21,44 The key aim of this proof-

of-principle operando Raman study is therefore to monitor the electrolyte chemistry directly during the 

formation of the SEI layer during the first electrochemical cycle (formation cycle) of an NMC-graphite full 

cell.45,46  
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Fig. 1 | Hollow-core fibre-coupled Raman analysis of a Li-ion battery full cell. a,b, Continuous wave laser light (785 nm) is filtered 

and launched into the core of a single-ring HC-fibre. The proximate fibre facet is embedded in a microfluidic chamber with a 

sapphire window (b) and connected to a syringe pump for on-demand sampling / infusion, while the distal fibre facet is embedded 

in the pouch cell under study. The backscattered Raman signal generated within the HC-fibre is reflected off a 50:50 beam-splitter, 

filtered and analysed by a spectrometer. F1, bandpass filter; F2, notch filter. c, SEM image of the hollow-core fibre with an outer 

diameter of 174 µm and a core diameter of 36 µm (measured between the inner capillaries (see Supplementary Fig. 1). The right-

hand image shows the Raman signal detected by the spectrometer CCD camera. d, Schematic indicating the electrodes, separator 

and fibre probe arrangements within the pouch cell (not to scale – for details, see Supplementary Fig. 4).  

Results 

Hollow-core fibre Raman sensor. In the Raman setup (Fig. 1a), the proximate end of the hollow-core fibre 

is embedded in a custom-made ultralow-dead-volume microfluidic cell that allows optical and fluidic 

access to the fibre (Fig. 1b). The distal end of the fibre is fitted and sealed in between the electrodes of a 

pouch cell. Two layers of monolayer PE polymer separator (MTI) were used to avoid direct contact 

between the fibre and the electrodes (Fig. 1d). The simplified hollow-core fibre (Fig. 1c) was designed 
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optimising the light guidance in the wavelength range of the Raman pump light and signal39–41,47 when 

filled with electrolyte (see Methods and Supplementary Figs. 1-2). The 36 µm wide core region of the 

optofluidic fibre acts as both a waveguide and microfluidic channel, with a low internal volume of 30 nL 

per cm length.48 An automated syringe pump is used to sample and infuse electrolyte from the pouch cell 

on demand.  

A Raman pump laser (785 nm continuous wave, Fig. 1a) is launched into a waveguide mode of the 

electrolyte-filled fibre core using an underfilled 10x 0.3 NA microscope objective. Raman signals are 

generated along the length of the fibre, and a portion is captured in backward-propagating fibre modes 

and guided back to the proximate fibre facet. The CCD image of the generated Raman light (right-hand 

image in Fig. 1c) shows that most of the Raman light is generated and guided within the hollow fibre core. 

After each optical measurement, the electrolyte sample is injected back into the pouch cell. In the current 

configuration, a single sampling interval takes 22 min ca. 4% of the full discharging time and is 

continuously repeated to monitor the electrolyte chemistry over extended time periods (a typical charge-

discharge formation cycle takes more than 10 hours, but is not limited by the fibre measurement).  

On-line Raman collection in hollow-core fibre. The dynamic exchange and Raman spectroscopy within 

the fibre core were first tested ex-situ without the pouch cell for a range of electrolyte components and 

typical solvents (Fig. 2). End facet images and spectrally dispersed fibre images were collected by the 

spectrometer CCD (Fig. 2a). Initially the fibre was filled with isopropyl alcohol (IPA), whose Raman 

spectrum is shown in Figs. 2b-c. To exchange samples, syringe inputs were swapped and the pump of a 

new component set to flow rate at 5 µL/min (0.083 µL/s) to infiltrate the fibre core. 
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Fig. 2 | Online Raman measurements in a hollow-core fibre. a, Raman light emerging from the fibre facet (left, image scalebar 

is 50 µm) with spectrally dispersed image (right). b, Raman spectra tracked during sequential sample infiltration. Red dashed lines 

indicate when the pump is switched on; 𝑡𝑡1−3 indicate the times at which the sample fluid reaches the fibre core. Dashed white 

lines indicate the times where the pump is switched off, and is followed by a switch of the sample syringe. Solid horizontal lines 

indicate times at which the spectra shown in (c) were taken. c, Obtained spectra of the different solvent mixtures, highlighting 

Raman bands relevant to battery chemistry: ethylene carbonate breathing mode at 893 cm-1 (dark red dotted line), PF6 anion 

mode at 740 cm-1 (green dashed line), and vinylene carbonate C=C band centred at 1628 cm-1 (not present in these solutions and 

spectra). The shaded area indicates EC and EMC bands at 1700−1850 cm-1 relevant to lithium solvation mechanisms (see Fig. 4), 

rescaled also in inset ii. Inset i demonstrates the sample exchange time as monitored by the Raman intensity of the IPA (819 cm-

1) and EMC skeleton (~900 cm-1) modes (arrows in c). 
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Spectra were continuously recorded with a 20 sec integration time per spectrum throughout the 

experiment. Samples sequentially infiltrated into the fibre here are: IPA, ethyl methyl carbonate (EMC), a 

3:7 mixture of ethylene carbonate (EC) and EMC, and the commonly used electrolyte mixture LP57 

(EC:EMC 3:7 (v) + 1.0 M LiPF6). During the collection of the Raman spectra an optimal trade-off was made 

between spectral range, resolution, and signal strength (Fig. 2b). 

Relatively broadband Raman spectra (Fig. 2c) are taken after the signal stabilized and the syringe pump 

switched off. The fluidic stabilisation time of the system after sample exchange is currently ~400 sec 

(corresponding to a flow volume of ~33 µL, Fig. 2c). The spectra display cleared Raman signatures of the 

various electrolyte components: Firstly, the dashed green line corresponds to the spectral position of the 

PF6
- anion Raman band at 740 cm-1,49 which partially overlaps the EC-skeletal mode at ~720 cm-1.50 The 

ability to detect PF6
-
 is useful since its decomposition is a proposed degradation mechanism occurring at 

the surface of high covalency cathodes such as NMC811,8 and it reacts readily with the water that can be 

generated in electrolyte decomposition reactions. Secondly, the EC breathing mode is seen at 893 cm-1 

(dotted red line), which is connected to the ring structural integrity of the molecule. Finally, the shaded 

(broad purple) band between 1700−1850 cm-1 corresponds to Raman peaks of the carbonyl (C=O) bonds 

in EMC and EC/VC,51,52 and its spectral features are directly related to the lithium ion solvation dynamics 

(see Fig.4).50,53 Also marked are the expected positions of the (weak) spectral band at 1628 cm-1 (dotted 

grey line) due to C=C vibrations of the additive VC (explored below in Fig. 3). These data clearly 

demonstrate the ability to monitor a wide range of different electrolyte components.  
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Fig. 3 | Battery electrolyte Raman spectral evolution during cycling. a, Operando Raman spectroscopy performed during the 

formation cycle of a LiNi0.8Co0.1Mn0.1O2 (NMC811) – graphite Li-ion pouch cell with an electrolyte comprising LP57 + 2 wt.% VC. 

The cell was charged galvanostatically to 4.3 V, potentiostatically held at 4.3 V, and then discharged. During the cycle, electrolyte 

samples are extracted, Raman spectra acquired, and the electrolyte re-injected back into the separator compartment. b, Raman 

spectral evolution showing a range of Raman modes of battery electrolytes, particularly: (i) PF6
-anion, symmetric stretch (740 cm-

1, green dashed line), (ii) EC, skeletal breathing mode (893 cm-1, dotted red line), (iii) VC, C=C (1628 cm-1, grey dash-dotted line, 

displayed in inset where the signal was multiplied by 4, relative to that shown in (b)).  

Operando Raman measurements in full cell batteries. To track the electrolyte chemistry operando in a 

Li-ion battery, a hollow-core fibre is embedded in a pouch cell composed of a LiNi0.8Co0.1Mn0.1O2 (NMC811) 

cathode and a graphite anode. Each electrode is covered by a layer of polymer separator and the HC-fibre 
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is placed in between the two separator layers to protect the electrode surfaces from mechanical damage 

by the fibre (Fig. 1d). The cell is sealed and filled with 100 µL of LP57 with 2 wt.% VC additive. Details of 

the cell components and their assembly are in Supplementary Figs. 3-4. Even though the HC-fibre creates 

a slight spacing between the two separators, the total electrode surface to electrolyte volume ratio 

(~12 cm2/mL) remains very close to that of pouch cells assembled routinely in academic research.  

The cell is galvanostatically charged to 4.3 V, followed by a potentiostatic hold for 1 h at 4.3 V, and a final 

discharge to 3.5 V, with the cell cycled at rate of C/10. A 24 µL volume microsample is extracted from the 

battery every 22 minutes, analysed by in-fibre Raman spectroscopy, and reinjected into the pouch cell. 

The time resolution required to monitor electrode processes can be estimated from the diffusion time td 

of EC molecules across the cell.44 Assuming a polymer separator tortuosity of 2.5 and a liquid diffusion 

coefficient of 10-6 cm2/s,44 this results in a diffusion time td = 445 s (~7 min) for our cell geometry. A broad 

spectral window (640−2340 cm-1) is chosen in order to simultaneously track a range of chemical species.  

The evolution of the Raman spectra was measured as a function of the cell voltage (red curve) during the 

first electrochemical cycle, during which many chemical changes due to EEI formation are expected (Fig 

3a). Clear signatures were observed of the spectral lines for PF6
-, the EC breathing mode, and the carbonyl 

(C=O) bonds in EMC and EC/VC, as identified in Fig 2b. In addition, a (weak) C=C Raman band at ~1628 

cm-1 (grey dash-dotted line) that is specific to the VC additive is detected (its variations will be discussed 

in more detail in Fig. 5b). The collected full Raman spectra throughout the cycle allow for a detailed 

analysis of the electrolyte components and their interactions. 
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Fig. 4 | Monitoring Li+ solvation to the different solvent carbonyl groups. a,b, Evolution of the carbonyl group (C=O) Raman 

bands during the formation cycle. Dashed and solid curves are spectra taken at times highlighted in (b). The deconvolution based 

on the solid purple line in (a) resolves peaks corresponding to the C=O stretch bands for unsolvated Li+ (dark blue, ~1750 cm-1, 

for EMC and dark red, ~1805 cm-1, for EC) and solvated Li+ (light blue, 1735 cm-1, for Li+EMC and dark red, ~1787 cm-1, for Li+EC). 

c, Li+-solvation dynamics (Li+- O=C tracked through the relative intensity of the experimental EC C=O (~1790-1810 cm-1) and EMC 

C=O (~1730-1750 cm-1) bands. The shaded region indicates the 10% confidence interval. The complex interplay of lithium 

solvation dynamics with solvents (EC, EMC) and additive (VC) are segmented into different regimes (horizontal coloured lines I-

V) with different behaviour at each distinct state of charge.  

Tracking lithium solvation dynamics.  The solvation of lithium ions by carbonate solvents is an important 

process that regulates the interfacial chemistry at both the graphite and layered metal oxide EEI.54–56 In 

Raman, the band between 1700−1850 cm-1 is related to vibrations of the C=O group, the oxygen atoms of 
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the carbonyl groups being largely responsible for solvating the lithium ions.57–61 The Raman bands in the 

spectral region observed at 1700−1850 cm-1 (Fig. 4) illustrate the evolution of cyclic and linear carbonate 

C=O stretches during the formation cycle (Fig. 4b). The overall intensity of the EC C=O band follows a 

similar trend to the EC breathing mode in Fig. 5.  

Lithium salt concentration in the electrolyte and the interfacial chemistries at the electrode surfaces can 

change the solvation structure of carbonates solvents.9,57,62,63 To further calibrate our methodology, ex-

situ test measurements were carried out by extracting EC:EMC mixtures with different Li concentrations 

from a cuvette into a hollow-core fibre sensor. The resulting data show that the EC breathing-mode 

intensity doubles when changing the Li concentration from 0.5 to 1 M (Supplementary Fig. 5) and that the 

EC C=O band doubles its strength relative to EMC C=O for the same Li+ concentration change. This 

calibration enables us to relate the observed spectral changes of the two peaks centred at ~1740 and 

~1800 cm-1 in Fig. 4a to changes of the lithium solvation at the carbonate solvents. In particular, the 

evolution of the balance between solvated cyclic carbonate (Li+- O=C, EC) and solvated linear carbonate 

(Li+- O=C, EMC) can be investigated by tracking the ratio between the EC C=O (~1800 cm-1) and the EMC 

C=O ( ~1740 cm-1) Raman mode intensities during a cycle (Fig. 4c).  

To help analysing the observed dynamics, the electrochemical cycle is divided into five different regimes: 

initially (up to 3.75 V - region I), the EC C=O and EMC C=O bands maintain a constant and similar intensity. 

As the cell voltage continues to increase, both Raman bands increase in intensity (region II), with the 

increase for EC C=O being significantly higher. During discharge, around 4.1 V (transition IV-V), there is a 

sudden decrease in both the EC C=O and EMC C=O bands, with the strongest reduction observed for EC 

C=O.  
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Fig. 5 | Monitoring Ethylene Carbonate (EC) solvent and Vinylene Carbonate (VC) additive concentrations. a,b, Evolution of 

Raman EC-breathing mode and VC C=C band during the formation cycle (normalized). Dashed curves are spectra taken at times 

highlighted in (c). c, Cell voltage during cycling, segmented into regions I-V. d, Time evolution of EC and VC Raman band 

intensities. The Raman signal intensity of the VC band in (b) was multiplied by 25 relative to that shown (a). 

Monitoring Ethylene Carbonate and Vinylene Carbonate dynamics. To monitor the evolution of EC and 

VC concentrations during SEI formation, the EC breathing mode (Fig. 5a) and VC C=C band (Fig. 5b) are 

monitored during the formation cycle, and distinct changes in the EC intensity at different stages of the 

cycle are seen (Fig. 5a). At 3.75 V (t = 6,000 s), the EC band intensity rapidly increases by a factor 5 

(transition I-II). It then stays constant until around 4.1 V (t = 20,000 s) when the optical signal is 

temporarily lost, likely due to gas evolution (region III in c); bubbles flowing from the battery into the 

hollow-core fibre are also observed via their side-scattered light (see Supplementary Movie 1). During the 
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voltage hold no further bubbles were observed, as evidenced by the full recovery of the optical signal 

intensity. Subsequently, during discharge at around 4.1 V, the EC intensity decreases sharply again 

(transition IV-V). The VC C=C band, on the other hand, appears to increase slightly during the formation 

cycle (grey curve in Fig. 5d). The results appear to indicate that additional VC is generated within the 

battery during the cycle. This result was somewhat surprising, as while VC generation has been proposed 

as a result of electrolyte oxidation,20 loss of VC to form the SEI during the formation SEI is also expected. 

 

Fig. 6 | Long-term cycling and Raman analysis. a, Charge/Discharge voltage profiles of a Li-ion pouch cell (anode: graphite, 

cathode: NMC811, electrolyte: LP57 without VC additive) cycled at C/10 and C/5 rates. b, Operando analysis and time evolution 

of EC (red dashed line) and VC (grey dash-dotted line) Raman band intensities during cycle 7. Note that only Raman data for 

t>5x103 s are shown, after which the fluid sampling has stabilised after reconnecting the cell to the HC-fibre. The small periodic 

modulation in intensity is related to the fluidic sampling interval.  c, Comparison between Raman spectra of pristine (not cycled) 

LP57 electrolyte (dashed line) and electrolyte extracted at the end of cycle 7. The inset in c shows the VC C=C Raman band 

detected in cycled electrolyte.  
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Multi-cycle measurements.  The change in VC concentration during cycling and the ability of our 

analytical approach to study electrolyte chemical composition over multiple cycles were then 

investigated. To test whether VC is generated in the cell, a new pouch cell was initially filled with LP57 

electrolyte without VC additive. In these experiments, a silica glass capillary (150 µm outer diameter, 75 

µm inner diameter) was inserted between the graphite and NMC811 electrodes (see Supplementary Fig. 

7). During Raman measurements, the capillary was connected to a HC-fibre using low-dead-volume 

microfluidic fittings. This flexible approach allows the electrolyte chemistry of multiple cells to be 

analysed using a single microfluidic pump and Raman apparatus and will be useful for long-term, 

multiple-cell cycling studies. 

The cell is electrochemically charged and discharged and voltage profile graphs are taken during multiple 

cycles (a formation cycle followed by 6 cycles at C/10, 4 cycles at C/5 and finally 3 cycles at C/10, see Fig. 

6a). The cell retains ca. 90% of its discharge capacity after 13 cycles (compared to the first-cycle discharge), 

demonstrating that the insertion of the glass micro-capillary does not affect the electrochemical 

performance of the cell substantially. During cycle 7, the cell was connected to the HC-fibre and an 

operando Raman measurement is performed (Fig. 6b, top shows the charge and discharge voltage 

profile). Interestingly, the EC breathing mode remains largely stable throughout the cycle (Fig. 6b bottom, 

Raman bands intensity), in stark contrast with the large fluctuations observed during formation-cycle 

measurements (Fig. 5). Furthermore, no bubble formation is observed during the 7th cycle. Finally, a non-

zero VC C=C mode intensity is observed, clearly indicating that VC has been generated during cycling. The 

formation of VC by electrolyte oxidation becomes more apparent when the spectra at the end of cycle 7 

are compared to those of the pristine electrolyte (Fig 6c). The data clearly confirm that the large EC 

fluctuations, VC formation, and bubbles observed during the formation-cycle measurements (Fig. 5) are 

indeed related to electrochemical processes during the first electrochemical cycle. 
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Discussion 

The operando spectroscopy gives access to a large number of Raman signatures not previously accessible 

in full cells. We thus provide tentative explanations to highlight which processes can be studied using such 

HC fibre-based operational techniques. 

Li+ solvation: The increase of the EC C=O relative to the EMC C=O Raman mode measured in regions II – 

IV (Fig. d5d) is likely related to the effect of Li+ solvation. The shape of the spectra seems to indicate 

preferential Li+ solvation at the EC C=O with respect to EMC C=O 64 (also seen in our control experiments 

(see Supplementary Fig. 5)), which may also contribute to the increase in EC-breathing mode intensity 

with respect to the initial value observed in Fig. 4. The EC/EMC C=O band ratio (Fig. 5c) reduces after the 

voltage hold at maximum charge a phenomenon that requires further studies to understand but may be 

related to different concentration gradients that build up in the cell on charge vs. discharge or effects due 

to bubble formation. We note, however, that the observed increase in carbonate Raman bands with cell 

voltage are similar to surface-sensitive IR absorption changes from in-situ FT-IR data in NMC811 half-cells 

in Ref. [9], which attributes this to electrolyte oxidation at the Ni-rich electrode surface. Our operando 

Raman data, however, detects these increases away from the surface, in the bulk electrolyte.  

VC-concentration changes: the increase in the VC band in Fig. 5d, and in particular the occurrence of a VC 

band in a cell without initial VC (Fig 6c) are consistent with VC formation via oxidation of EC. The jump in 

VC signal after the potentiostatic hold (Fig. 5d) may also be related to lattice oxygen release from NMC in 

the form of reactive singlet oxygen, which causes the chemical oxidation of EC into VC.20 Interestingly, the 

Li+ solvation structure in EC and EMC solvents affect the Li+ diffusion coefficient in the electrolyte58 with 

implications of this mechanism as a diagnostic tool of battery operation. 

Bubble formation: The temporary loss of optical signal during the final stage of the charging cycle is 

confirmed to be due to the formation of bubbles. Since they are observed in different formation-cycle 
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experiments (see Supplementary Fig. 6), but are largely absent during later cycles (Fig. 6), these are likely 

related to gas generation in EEI formation reactions during the formation cycle (CO, CO2, C2H4).65 In the 

current configuration, the detection of such bubbles within the central compartment will be delayed, as 

bubbles need to diffuse though the separator, and coalesce to become detected in the HC-fibre. We note 

that our capillary set up, in principle, provides a straightforward method to couple the pouch cell with a 

mass-spectrometer for gas analysis.  

EC-Raman band: The EC breathing mode shows a significant evolution in intensity during the formation 

cycle (Fig. 5d), consistent with the trend in ratio of EC/EMC C=O stretch (Fig 4c). We identify possible 

reasons for this large change in intensity. First, it is well-known that the Li+ concentration and battery state 

of charge can affect spectral features of solvent Raman bands.57,62,63,66 For example, FT-IR studies in a half-

cell configuration have suggested that the peak position and intensity of the EC C=O Raman mode is 

affected by the Li+ concentration and that EC undergoes a progressive de-hydrogenation correlated with 

the cathodic potential.9 At the same time, we observe a 5-fold increase in the EC breathing mode, which 

cannot be explained by variations in Li+ concentration alone: our calibration data (Supplementary Fig. 6) 

demonstrates at most a two-fold increase for a change in Li concentration from 0.5 to 1 M. A further factor 

that could contribute to the observed trend is the modification in the solvation structure of Li+- O=C of EC 

which can change the intensity of the EC breathing mode spectral band (880-915 cm-1).57,62 We note that 

the Raman data in cycle 7 (Fig. 6b) does not show significant EC-band fluctuations, supporting the 

hypothesis that the effects are related to the formation cycle. Second, changes in Li+ solvation will likely 

increase the refractive index of the electrolyte by typically 0.1% per Li+ molar concentration, as was 

demonstrated with different salts and salt concentations.67,68 This changes the interference conditions in 

the fibre and may affect the amount of Raman pump light propagating along the hollow-core fibre.39  
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Conclusions 

Hollow-core fibre sensors, embedded in working Li-ion batteries, can measure background-free Raman 

spectra of electrolytes during electrochemical cycling. The novel sensors were used here to monitor a full-

cell Li-ion battery comprising of a commercially-relevant high energy Ni-rich layered oxide cathode 

(NMC811) and a graphite anode. As a proof-of-principle, electrolyte Raman spectra were continuously 

acquired during the formation cycle, during which (among other things) the solid electrode interphase 

(SEI) is created. We have observed significant changes in lithium solvation with carbonate solvents during 

charges, and are able to track changes in VC concentration. Multi-cycle measurements without initial VC 

additive confirmed that the EC fluctuations and VC generation occur in the formation cycle. 

Our results demonstrate that hollow-core fibre spectroscopy allows for studies of how (electro)chemical 

degradation of electrolytes affects the lithium solvation dynamics. Operando electrolyte monitoring can 

facilitate the study of complex chemical pathways and cross-talk between chemical species in a real-world 

battery. A key example is the observation of an increasing VC signal beyond its initial concentration, 

suggesting that this is generated through EC oxidation during cycling, as was proposed by Ref [20], and 

that the rate of VC generation on the cathode is greater than its consumption at the anode. 

Methods  

Battery assembly and cycling. Full-cells were assembled into a pouch cell in a dry room (H2O <0.1%). 

Pouch components (foil, current collector tabs, PE polymer separators and sealant tape) were purchased 

from MTI. Graphite anode and LiNi0.8Co0.1Mn0.1O2 (NMC811) cathode sheets were kindly provided by the 

Argonne National Laboratory Cell Analysis, Modelling, and Prototyping (CAMP) facility. Graphite 

electrodes consisted of 91.83 wt.% Hitachi MagE3 artificial graphite, 2 wt.% Timcal C45 conductive carbon, 

6 wt.% Kureha 9300 polyvinylidene difluoride (PVDF) binder, and 0.17 wt.% oxalic acid printed onto 10 

μm thick copper foil. NMC811 electrodes were made up of 90 wt.% Targray NMC 811, 5 wt.% Solvay 5130 
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PVDF binder, and 5 wt.% Timcal C45 conductive carbon on 20 um thick aluminium foil. Pre-cut electrodes 

(14 mm dia. NMC cathode and 15 mm dia. graphite anode) were dried in a vacuum oven (120 °C for >12 

h) and stored in a glove box (<0.5 ppm H2O and O2) prior to use. Graphite and NMC active mass loading 

were 5.83 mgGr cm-2 and 8.21 mgNMC cm-2, respectively. Battery electrolytes, solvents and additives (LP57, 

EC:EMC 3:7) were purchased from SoulBrain, VC was purchased from Solvionic. The hollow-core fibre was 

placed between electrodes and two layers of polymer separator to prevent contact with the electrode 

surfaces (see Supplementary Fig. 4). Cells were cycled with an Autolab PGSTAT204 (Metrohm) 

potentiostat at a C-rate of C/10 (based on 185 mAh g-1
NMC) with a constant current (CC) charge to 4.3 V, 

constant voltage (CV) hold step for 1 h, and CC discharge to 3.5 V. 

Hollow-core fibre design. The fibre used is a simplified hollow-core photonic crystal fibre fabricated using 

a stack and draw process.31 The fibre preform was created by positioning six thin-walled silica glass 

capillaries in the corners of a larger tube with a hexagonal hole, which is first drawn into several smaller 

secondary preforms (“canes”), and then drawn to fibre. Detailed Scanning Electron Microscopy (SEM) 

analysis of the hollow-core fibre and its photonic structures can be found in Supplementary Fig. 1. The 

outer diameter of the fibre was 174 µm, the six inner capillaries have inner diameters between 16-18 µm. 

The resulting diameter of the hollow core (measured from capillary to capillary) is 36 µm. The wall 

thickness t of the internal capillaries is between ~410 and 440 nm. 

The guidance properties of this type of microstructured fibre are predicted by the anti-resonant reflection 

model39, which calculates resonant wavelengths (for which light can resonantly leak out of the fibre) and 

antiresonant wavelengths (for which the cladding layer acts as a mirror and light is guided along the fibre). 

For a fibre filled with a typical electrolyte mixture (refractive index at 785 nm 𝑛𝑛1  ~1.39) and a glass 

refractive index of 𝑛𝑛2  = 1.455, we can predict the first anti resonant wavelength to be 𝜆𝜆𝐴𝐴𝐴𝐴 =

4𝑡𝑡�𝑛𝑛2 2 − 𝑛𝑛1 2 =731 nm, very close to the wavelength of the Raman laser. The transmission of light coupled 
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into the electrolyte-filled fibre was measured to be of order 15-20%. We note that the fibre guidance 

properties in this type of fibre are robust against changes in electrolyte refractive index (see 

Supplementary Fig. 2), which is evidenced by the Raman measurements in a range of electrolyte mixtures 

with different refractive indices in Fig 2b. 

Microfluidic pressure cell. To reduce the response time of the system when exchanging the liquid in the 

hollow fibre core, the compliance and dead volume of the fluidic connections were minimized. The 

proximate end of the fibre is connected to a specially designed low-volume stainless-steel cell, covered 

by a sapphire optical access window (Edmund Optics), resulting in an internal volume of 230 nL. The cell 

is connected to an automated syringe pump (New Era Pump) actuating a 50 µL Hamilton syringe. The 

response time of the low dead volume microfluidic circuit was estimated to be 1-2 min, and is currently 

limited by the internal volume of the syringe.69 The geometry of the fibre embedded in the pouch cell is 

detailed in Supplementary Figures 4 and 7. To assemble the microfluidic sampling line we used Polyether 

ether ketone (PEEK) parts and Zero-Dead-Volume (ZDV) fittings (IDEX Health & Science, LLC, USA). 

Raman collection. Spontaneous Raman measurements were recorded on a custom-built Python-

automated Raman setup. Excitation and collection were through a 10x 0.3 NA Olympus Plan Fluorite 

objective. Spectra were recorded by a Pixis 1024-element cooled CCD camera coupled to an Acton 330i 

Spectrometer (Teledyne Princeton Instruments, USA). To enable simultaneous monitoring of multiple 

different Raman bands, a grating with a period of 300 grooves per mm was combined with a 25 µm 

entrance slit, enabling detection in a broad spectral window (644-2344 cm-1) with a resolution of ~40 cm-

1. We note that the resolution can be improved to 10 cm-1 by using a 1200 lines/mm grating, at the cost 

of a decreased spectral range. Automated scans and syringe pump control were performed by a Python 

interface code.  
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