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1. Experimental

1.1) Free-standing electrode preparation
Film electrodes were prepared for Raman studies. The active material (AM) composite consisted of carbon-coated ZnFe2O4 (ZFO-C) nanoparticles synthesised as described in the literature1, uncoated ZnFe2O4 (ZFO) (Aldrich) or carbon-coated ZnO (ZnO-C)2 and Super C65 carbon (IMERYS Graphite and Carbon ) as conductive additive in a weight ratio of 4:1. This AM composite, poly(vinylidene fluoride-hexafluropropylene) co-polymeric binder (Kynar-flex, Arkema) were suspended in acetone and mixed with dibutyl phthalate (DBP, Aldrich) in a 50:20:30 AM/Kynar/DBP weight ratio. The slurry formed was casted onto a glass tile using Doctor-Blade coating equipment with a wet thickness of 50 m. Electrodes with 6 mm diameter were cut from the dried free-standing film and DBP plasticiser was extracted by washing with diethyl ether (Aldrich). Finally, they were dried under vacuum at 90 °C overnight. ZFO-C electrodes mass was ca. 1.5 mg (loadings of 5.3 mg cm-2). After DBP extraction the ratio between ZFO-C and binder is approximately 2:1. 

1.2) In situ Raman during Galvanostatic Cycling
In situ Raman spectroscopy was performed in a Raman cell (ECC-Opto-STD, El-Cell GmBH) to characterise the surface of the electrodes prepared with the different materials during the first discharge-charge electrochemical cycle in 1 M LiPF6 in 1:1 w/w EC/DMC electrolyte (BASF). The cell with a three-electrode configuration was assembled in an argon filled glovebox (H2O and O2 content < 1 ppm) as described in previous studies.3 Raman spectra of polyethylene glycol and oxide powders (Aldrich and Alfa Aesar) and during in situ studies were recorded with a Raman microscope (Renishaw in via Reflex) with a 633 nm wavelength laser focussed through a microscope (Leica), via 50x objective (Leica). Filters were used to reduce the laser power applied on the electrode surface to less 5% (ca. 0.58 mW) for in situ measurements. A baseline correction was applied to all the spectra for clarity, unless otherwise stated.

 Electrochemical measurements were performed using a potentiostat (Biologic) controlled by EC-Lab software. The open-circuit potential (OCP) of the cell was 2.71 V (all potential are referred to Li/Li+). During galvanostatic discharge-charge steps, the cell was cycled at a constant current of 50 mA g-1 for uncoated ZFO and ZFO-C (this corresponds to a C-rate of C/20, where 1C = 1000 mA g-1) and at 49.35 mA g-1 for ZnO-C (this corresponds to a C-rate of C/20, where 1C= 987 mA g-1) within 0.01 to 3 V potential window. 

2. Results
2.1) In situ Raman investigation of uncoated ZnFe2O4 electrode during galvanostatic cycling.

In situ Raman measurements for uncoated ZFO material were carried out under similar conditions to those used for the carbon-coated nanoparticles. Fig. S1 (a) shows the electrochemical behaviour in the potential window from 0.01 to 3 V. The maximum capacity value observed during the first discharge process is 1220 mAh g-1. Raman spectra collected at different stages of the discharge-charge cycle are presented in Fig. S1 (b). The characteristic ZnFe2O4 peaks at 340, 460 and 650 cm-1 are observed at the beginning of the galvanostatic cycling, disappearing completely at the end of the discharge step. They remain absent during the rest of the cycle. Peaks associated to the electrolyte (labelled with ● in Fig. S1 (b) are observed during the whole cycling. Fig. S2 shows the Raman spectrum of the electrolyte.

Raman spectra for ZFO-C present new peaks between 0.8 and 0.69 V during the lithiation. These peaks have been assigned to polyethylene oxide type and organic alkyl carbonate species formed on the carbon coating of the nanoparticles. In the case of the uncoated material, these SEI species are not observed. Since the composition of the SEI is dependent on the type of electrode and electrolyte,4 the absence of these bands in the spectra for the uncoated material could be explained by the different electrode/electrolyte interface.


New Raman peaks related to SEI compounds are absent but there is an increase in the fluorescence as the lithiation process occurs as shown in Fig. S1(c), primarily as a results of electrolyte decomposition, particularly from the electrolyte salt LiPF6. 
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Fig. S1. In situ Raman measurements of uncoated ZFO electrode in 1 M LiPF6 in 1:1 w/w EC/DMC electrolyte. (a) Potential profile during the first discharge-charge cycle;                (b) baseline-corrected Raman spectra collected at different stages during the discharge and charge cycle and (c) Raman spectra during the discharge cycle (no baseline correction applied) showing the increase of the background fluorescence. Labels: ● electrolyte peaks.
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Fig. S2. Raman spectrum of 1 M LiPF6 in 1:1 w/w EC/DMC electrolyte.

Raman spectrum for 1 M LiPF6 in 1:1 w/w EC/DMC electrolyte shows bands with strong and medium polarisation at 518, 717, 723, 741, 893, 904, 916, 973, 1220, 1455, 1487, 1750, 1808, 2849, 2888, 2935, 2967 and 3002 cm-1 that are assigned to EC and DMC vibrational modes.5, 6
2.2) In situ Raman investigation of carbon-coated ZnFe2O4 electrode during chronoamperometric measurements.

Chronoamperometric studies on ZFO-C electrode were performed for further investigation of ZFO-C material. The potential was held at the OCP, 1.0, 0.80, 0.75, 0.65, 0.60 and 0.01 V. Since it is possible to distinguish the signal from the carbon coating from that of the carbon black additive, Raman spectra were collected for ZFO-C and carbon black particles during each potential step. Fig. S3 presents the spectra for ZFO-C. Only the D and G bands related to the carbon coating are observed at the OCP but the spectra collected at 0.8 and 0.75 V show the peaks associated with SEI products due to the temporary surface enhancement of zinc nanoparticles formed during the conversion reaction. However, SEI products are absent in the Raman spectra for the carbon black particle shown in Fig. S4, since the signal is not affected by zinc particles in this case.
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Fig. S3. In situ chronoamperometric measurements of ZFO-C in 1 M LiPF6 in 1:1 w/w EC/DMC electrolyte (a) E vs t curve for the different steps (inset: i vs t profile) and (b) Raman spectra collected on a ZFO-C particle at each potential steps.
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Fig. S4. In situ chronoamperometric measurements of ZFO-C in 1 M LiPF6 in 1:1 w/w EC/DMC electrolyte. Raman spectra collected on a carbon black particle at each potential steps.
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Fig. S5. TEM image of ZFO-C nanoparticle with approximately 2 nm thick carbon coating.

We would like to thank Dr. Martin Fiedler and Prof. Dietmar Baither from the Institute of Materials Physics, University of Munster for the image.

2.3) In situ Raman investigation of carbon-coated ZnO during galvanostatic cycling.

In situ Raman measurements were performed on a free-standing electrode prepared with ZnO-C nanoparticles. Raman spectra were collected on different positions of the electrode surface at the OCP (3.3 V) and after the first discharge-charge cycle. The Raman spectra collected at the end of the cycling have some differences when compared to the spectrum recorded prior cycling as shown in Fig. S6. Bands that can be related to PEO compounds are observed in the spectrum of the cycled electrode. There is also a broad band at approximately 490 cm-1 and a broadening of the background at approximately 1000 cm-1. These features have been observed in the spectrum of PEO material with an average molecular weight of 1,000,000. Therefore, this may suggest that PEO-type species formed on the carbon coating after completing the first cycle have higher molecular weight than those observed on ZFO-C electrode. Bands associated with C-H and C=O stretching at 1319 and 1547 cm-1 are also observed in certain position of the electrode surface as shown in Fig. S6 (c). As described for ZFO-C material these bands may be related to organic alkyl carbonates. These results indicate that there is a surface enhancement Raman effect from ZnO nanoparticles as previously reported by Sun et al.7

The bands associated with SEI compounds in the Raman spectra for ZFO-C material appear during the discharge process within the potential window from 0.8 to 0.69 V. In the case of ZnO-C electrode these bands are observed after the first discharge-charge cycle. This difference could be explained by the electrochemical behaviour of both materials (see Fig. S6 (b)). The lithiation plateau for ZnO-C is shorter, thus longer cycling time is required to observed SEI species.
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Fig. S6. (a) In situ Raman of ZnO-C electrode in 1 M LiPF6 1:1 w/w EC/DMC (i) spectrum at the OCP prior cycling; (ii) spectrum after the first discharge-charge cycle in the same surface spot than in (i) and (iii) spectrum of PEO (av. Mw = 1,000,000); (b) Potential profile for the discharge step of ZFO-C and ZnO-C; (c) In situ Raman of ZnO-C electrode collected on another surface position after cycling.   Labels: ● electrolyte peaks and # peaks assigned to C-H and C=O of organic alkyl carbonates.
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Fig. S6 (continuation). (a) In situ Raman of ZnO-C electrode in 1 M LiPF6 1:1 w/w EC/DMC (i) spectrum at the OCP prior cycling; (ii) spectrum after the first discharge-charge cycle in the same surface spot than in (i) and (iii) spectrum of PEO (av. Mw = 1,000,000); (b) Potential profile for the discharge step of ZFO-C and ZnO-C; (c) In situ Raman of ZnO-C electrode collected on another surface position after cycling. Labels: ● electrolyte peaks and # peaks assigned to C-H and C=O of organic alkyl carbonates.
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