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1. XRD analysis of C-Bi-Fe nanocomposites: Pyrolysis experiment B and C
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Figure S1. XRD profiles obtained for the C-Bi-Fe nanocomposites pyrolyzed at different temperatures under Ar/5% H2 flow: (a) monolithic samples (B1 – 600 °C, B2 – 750 °C, B3 – 900 °C) and (b) powdered samples prior to pyrolysis (B1p – 600 °C, B2p – 750 °C, B3p – 900 °C) 

The XRD profiles of the C-Bi-Fe composites treated in Ar/H2 atmospheres at different temperatures are presented in Figure S1. The metallic contributions are observed earlier than the other pyrolysis experiments described in the main text (samples A1-A3), confirming that more reductive conditions are reached. Metallic Bi is evidenced in freshly cleaved samples (i.e. dotted XRD profile obtained for sample B2). However, the Bi phase proved less stable for longer times as the metallic reflexions diminished to low intensity broad amorphous signals probably due to exposure to ambient atmospheres and surface oxidation. Interestingly, the samples pyrolyzed in N2 and Ar shown more stable contributions of the metallic Bi phase. In reductive atmospheres, at temperatures below 740 °C and low carbon concentrations, the formation of α-Fe is thermodynamically favourable, as evidenced for sample B1. As observed in the profiles, the thermal conditions obtained for the samples B2, B3 pyrolyzed at higher temperatures will promote the nucleation of γ-Fe which will be stabilized due to carbon rich environment.(Khannanov et al., 2018) The lack of graphitic reflexions and no clear Fe3C signals (contributing probably as wide signals in the range of 2θ = 43-47 as seen for the B2 sample) suggest that mobile carbon species are found in low concentrations. 
For the B1p-B3p powdered samples, the main contributions of the Bi phases are expectedly lost, since Bi2O3 is rapidly converted into liquid Bi that will easily escape from the small C-Bi-Fe agglomerates. Similarly, due to higher surface exposed to the environment over long periods of time, some Fe2O3 oxide features are observed, while metallic α-Fe is observed only for sample B3p. Compared to B3, where γ-Fe is observed, the higher efficiency in eliminating the pyrolysis by-products in the powdered sample may lead to even lower carbon concentrations and hence lower stabilization for the γ-Fe.
[image: ]
Figure S2. XRD profiles obtained for the C-Bi-Fe nanocomposites pyrolyzed at 1050 °C under Ar flow: sample C1 (long pyrolysis with intermediate plateau at 250 °C, monolithic sample), sample C2 (no intermediate plateau at 250 °C, monolithic sample) and sample C2p (no intermediate plateau at 250 °C, powdered sample prior to pyrolysis).

The XRD patterns measured for the C1-C2p samples treated at 1050 °C under Ar flow indicate that Bi is still present in metallic state in the monolithic C1-C2 nanocomposites, while only small traces are evidenced in the powdered C2p sample. Samples C2 exhibits the highest intensities for metallic Bi, probably due to conserving its monolithic state and keeping the sample at elevated temperatures for shorter amounts of time (no 2h pretreatment at 250 °C). Iron is evidenced in all the samples in its mixed oxide states, showing magnetite/maghemite phase for the monolithic samples and also weak hematite signals for the powdered C2p sample. Low intensity reflections tracing to metallic Fe and possibly Fe3C also contribute to the diffractograms measured for the monolithic samples, suggesting higher reduction yields for samples C1-C2. No clear graphitization signs were evidenced.
2. Analysis of nanoparticle structure, composition and size distributions at various pyrolysis temperatures 
  

[bookmark: _Hlk88879170]High resolution TEM and STEM/EDX analysis were performed on hybrid BFO nanoparticles found in C-Bi-Fe nanocomposites treated at 750 °C (sample B2, under Ar/H2) as summarized in Figure S3a. During HR-TEM studies, the presence of carbon support could not permit a high degree of movement for tilting the sample, nevertheless, different HR-TEM fringe patterns were successfully obtained at different α angles (Figure S3a1). The set of interplanar spacings found in the Bi rich region (dark region in bright field TEM) were 3.92, 3.30, 2.30, 2.03 and 1.97 Å that match the (111), (110), (0-11), (221) and (222) planes found in metallic bismuth. At different tilt angles, mullite specific interplanar spacings were also identified in Fe rich region (bright side of the NP in bright field) close to the interface with the Bi rich region: 5.77 (110), 3.00 (002), 2.63 Å (130), 2.57 Å (221) and 2.52 Å (310). Also, at the Fe rich NP boundary, the interplane distances of 2.44 Å (222) and 4.84 Å (111) specific to Fe3O4 structure was also observed. Indeed, the Fe:Bi ratio obtained from the quantified EDX spectrum of the entire nanoparticle was 1.84 which is closer to the stoichiometry of mullite compared to the other bismuth ferrites. 
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Figure S3 – TEM investigations of different types of NP found in C-Bi-Fe nanocomposites at different pyrolysis temperatures: (a1) HR-TEM and EDX studies on hybrid BFO NP from B2 sample (750 °C, under Ar/H2) at different tilt angles with identified Bi and Bi2Fe4O9 and a Fe:Bi composition of 1.84 (a2)  amorphous Bi2O3/BFO and Fe2O3/Fe3O4 contributions  and (a3) superposed results of the iFFT analysis revealing the phase distribution in hybrid nanoparticles; (a4) STEM-EDX line profile of a hybrid nanoparticle from sample A2 (750 °C, under N2) supporting the same results, (b1) STEM-EDX studies of nanoparticles observed in A3 nanocomposites (1050 °C, under N2), (b2) HAADF-STEM and EDX map of Fe based NP frequently found in A3 samples, (c1) BF-TEM micrograph of graphitic regions specific to sample G (1050 °C, under N2 with graphitization)    and (c2) HR-TEM of an individual Fe NP with surrounding walls of turbostratic carbon nanostructures.
In the FFT patterns obtained from dark and bright regions of the nanoparticle (Figure S3a2) two rings were frequently observed at different focus points and tilt angles: a broad one corresponding to an interplane distance of 3.0-3.2 Å, that include the dominant planes for all Bi compounds (see main signals in XRD) and a second ring corresponding to 2.5 - 2.7 Å specific to iron oxides. By filtering only these signals using the inverse FFT, the bright regions were again discriminated at different tilt angles due to the higher contribution of the second ring (Figure S3a2). Finally, the FFT and iFFT analysis enabled the identification of a large crystalline domain with crystalline spacings specific to Bi (2.36 Å (211) and 1.54 Å (322)), when the carbon support started to overlap and clear fringes could not be observed anymore. The cumulated data suggests that, under different reductive atmospheres, the hybrid NP may be formed by multiple crystalline grains such as Bi, Bi2O3 and Fe2O3 interfaced by Bi2Fe4O9 and amorphous oxides. A STEM-EDX line profile was performed on a similar hybrid NP (Figure S3a4) that also support this claim.
At higher pyrolysis temperatures of 1050 °C (Figure S3b1), various Fe:Bi compositions between 2 and 14 are observed for the hybrid nanoparticles, with a necking effect also being observed in the shape of the BFO NP. Non-hybrid nanoparticles based on Bi (Fe:Bi ratios lower than 0.4) and separately on Fe (Fe:Bi ratio higher than 100) are evidenced. The STEM/EDX investigations performed at higher magnifications on an individual Fe NP (Figure 6b2) reveal a composition with low oxygen and bismuth content. A thin ~ 3 nm thick shell is observed on top of the Fe nanoparticle which is attributed to interstitial diffusion of C atoms at the Fe surface.
When graphitizing conditions are reached, the TEM micrographs evidence the formation of networks of carbon nanostructures generated by the catalytic activity of Fe nanoparticles (Figure S3c1). The HR-TEM micrographs of the sample G reveal the presence of graphitic structures with 8-14 nm thick walls with an interplane distance of 3.4-3.6 Å specific to turbostratic carbons (Figure S3c2). A catalytic Fe NP having a length of 27 nm is surrounded by a graphitized layer. The exposed facet of the nanoparticle exhibits a spacing of 2.09 Å matching the (111) plane of γ-Fe (AMCSD-0019406).
The particle size distributions are presented for several samples in Figure S4. During pyrolysis at 600 °C, grown nanoparticles are observed with narrow and asymmetric size distribution centered around 9 nm. After pyrolysis at 750 °C, a size distribution with clear bi-modal features is evidenced, with the primary mode centered around 10 nm and a secondary mode observed at 30 nm. At higher temperature treatments, the secondary mode is seen to broaden and shifts towards larger diameters due to growth and coalescence. For the graphitized G sample, where higher metal leaks and nanoparticle-matrix interactions are expected, less spherical nanoparticles and lower contributions of the higher mode are signaled.
[image: Figure S3 - PSH of A1-A3-G samples]
Figure S4. TEM derived nanoparticle size distributions for samples treated at (a) 600 °C, (b) 750 °C, (c) 1050 °C and (d) for the graphitized sample



3. In situ TEM investigations
[image: ]
Figure S5. TEM image sequence illustrating the thermal conversion of the RF-Fe-Bi into C-Fe-Bi xerogel and NP formation observed at temperatures between 300 °C and 450 °C

[bookmark: _GoBack][image: ]
Figure S6. Expansion of graphitized regions (zone between red cross “+”) during the 800 to 900 temperature rise and NP trails (indicated with white “*”) observed in TEM micrograph with/without noise reduction and the NP tracks detected when video S3 was analyzed (a), HRTEM image evidencing that the observed textural changes are mainly due to the crystalline contrast of graphitic structures


4. Evidencing the incipient graphitization stage in C-Bi-Fe nanocomposites
The reflections specific to graphitized systems were absent in all measured diffraction profiles, suggesting that the stage 4- enhanced graphitization was still not reached. However, for the C1 monolithic samples obtained through pyrolysis at 1050 °C in Ar flow with the additional 2h thermal hold at 250 °C, we were able to evidence the incipient graphitization stage as described below. Multiple Raman spectra were acquired from different regions of the monoliths in order to characterize the graphitization yields. The Raman investigations confirm that, on an overall scale, there is no significant difference in the graphitization yields for the samples treated at 1050 °C. However, at lower scales, in isolated regions, the pre-treated sample indicated regions with enhanced graphitization as observed in the line profile analysis from Figure S7ab. The graphitization activity is reflected by narrowing of the bands found at 1350 cm-1 (D band) and 1578 cm-1 (G band), smaller ID/IG ratios and the presence of the D2 shoulder at 1610 cm-1 associated with the edges of graphitic crystallites. Additionally, another clear sign of graphitization is the appearance of an intense signal at 2670 cm-1 in the second order region of the spectra that is attributed to the 2D1 in carbon structures possessing higher crystallinities. The signal indicates a single Lorentzian like profile with FWHM in the range of 40-60 cm-1. According to other studies, these spectral features correspond to turbostratic graphites(Malard et al., 2009; Jorio, 2012). From the spatial extent of the 2D1 signal, we roughly estimate that the graphitized regions are associated with a spatial distribution in the range of 2.5-5 µm. Such features suggest that the catalytic graphitization process is active at 1050 °C, at least in an incipient stage in isolated regions. 




[image: ]
Figure S7. Evidence of incipient graphitization found for the C-Fe-Bi nanocomposite after pyrolysis at 1050 °C with intermediate plateau (sample C1). (a) Side view and (b) Top view of the Raman line profile across the monolith showing narrowing D and G bands and well-defined D2 and 2D1 when a graphitized region is transited (as presented in the inset) and TEM micrographs showing a graphitized region in (c) bright field and (d) conical dark field mode with the associated SAED pattern presented in the inset

TEM investigations of the samples pyrolyzed at 1050 °C further support the Raman findings. The micrographs indicate that the bi-modal distribution and the dumbbell structure of the nanoparticles is also still present even at 1050 °C. Nevertheless, other irregular morphologies of the nanophases specific to stage 3-reduction are also evidenced. Graphitic regions were also evidenced in TEM investigations (Figure S7cd): an intense (002) ring is found in SAED patterns (inset in Figure S7d) which enables the visualization of the graphitic structures through conical dark field images. The data confirms the formation of a complex network of carbon nano-onions and possibly short nanofiber-like bodies similar to the results found during the in situ TEM study.

[image: ]5. Fe-O and Fe-C phase diagrams



Figure S8. Binary phase diagrams illustrating the interactions between Fe and O or C species and possible positions for the investigated nanocomposites during pyrolysis, as reflected by the the XRD profile analysis. The adapted phase diagrams were reproduced with permissions from references (Wriedt, 1991) and (Chipman, 1972), Springer Nature.
The influence of the Fe assisted graphitization mechanism by temperature, oxygen impurity and mobile carbon species and the formation of the different phases as observed in the XRD patterns are explained using the simplified case of independent binary C-Fe and Fe-O phase diagrams. For the sake of simplicity, the interactions with Bi are treated separately into the main text. These rough approximations were based on the fact that Bi and Fe are insoluble and that before graphitization mechanism could be initiated, the Fe based catalyst must be reduced, hence disrupting any Fe-O-Fe and Fe-O-Bi oxygen bridges. 
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