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Introductory Paragraph

Ammonia (NHz3) is a feedstock chemical for fertilizers, nitrogen-containing organic chemicals,
pharmaceuticals, and polymers, but its industrial synthesis via the Haber-Bosch process accounts
for 1.3% of global carbon dioxide emissions.!” Electrochemical ammonia synthesis is a
complementary route for the de-localized production of NH3 powered by renewable energy.®’ The
first verified electrochemical method is a lithium (Li)-mediated process in organic electrolytes.®’
To date, only metallic Li has been used for this process, and other elements remain to be explored
for potential benefits in efficiency, reaction rates, device design, abundance, and stability. In the
first demonstration of a lithium-free system, we found that calcium, the fifth most abundant crustal
element (2500 times that of lithium),® can mediate ammonia synthesis. We achieved an ammonia

Faradaic efficiency of 40 + 2% using calcium tetrakis(hexafluoroisopropyloxy)borate



(Ca[B(hfip)4]2) as the electrolyte. Our results open the possibility of using abundant materials for

the electrochemical production of fertilizer.

The global industrial production of NH3 through the Haber-Bosch process was 182 million metric
tons in 2021.* However, the Haber-Bosch process requires extreme reaction conditions (i.e., 150 -
200 bar, and 350 - 450 °C), consumes roughly 1% of the global energy supply, and contributes
over 1.3% of global carbon dioxide emissions.> Thus, many attempts have been made to explore
sustainable approaches for ammonia synthesis under milder conditions.> Aqueous methods have
been subject to ammonia contamination, however, and to date, the lithium-mediated nitrogen
reduction reaction (Li-NRR) in organic solvent has been identified as one of the most reliable
routes for electrochemical ammonia synthesis.%” The Li-NRR system was the first reported in 1930
by Fichter ef al. and further explored by Tsuneto et al. via optimizing electrolytes, albeit none of
them followed up on their work.”!! Our groups validated Li-NRR through a rigorous protocol with

quantitative isotope measurements to prove that NH3 is produced from N reduction.’

Extensive work has focused on improving the performance of the Li-NRR system for ammonia
synthesis.!?!? Faradaic efficiencies (FE) close to 100% towards ammonia and current densities up
to -1 A cmgeo? have been achieved in pressurized batch systems (15 bar or 20 bar) by regulating
the electrode-electrolyte interface and using high surface area electrodes, respectively.?%?! These
achievements are only obtained, however, by using sacrificial proton donors. Very recently, we
achieved continuous-flow electrosynthesis of ammonia by nitrogen reduction coupled with
hydrogen oxidation at ambient pressure and temperature with a Faradaic efficiency of 61 + 1%.22
Currently, Li is the only material demonstrated to work in this process, and thus it is necessary to

expand the repertoire of available materials for potential gains in energy efficiency, reaction rates,



stability, device design, and cost. An example of a potential challenge with the Li-based system is
competition with lithium-based batteries for scarce lithium resources. The continuous-flow reactor

provides a new platform to explore beyond lithium for electrochemical ammonia synthesis.

We identified calcium (Ca), the fifth most prevalent element in the Earth’s crust with an abundance
of 4.7 %, to be a promising alternative to lithium.? In the early 20" century, the Frank-Caro process
was developed to produce ammonia by reacting calcium carbide (CaC;) with N> at 1,000 °C to
form calcium cyanamide (CaCN») which was subsequently hydrolyzed to release ammonia.?
Harder and co-workers reported that the low-valent Ca complex could activate N> at low
temperatures (0 °C).2* Calcium metalate catalysts have been investigated for N> reduction in
aqueous electrolytes, but without rigorous gas purification and quantitative isotope measurements,
it is unproven that the produced NH3 is from N, reduction.?® To the best of our knowledge, there
is still no verified, reproducible result for aqueous N> reduction to ammonia.®’¢ Experimentally,
we demonstrated that metallic Ca film can chemically activate N> at room temperature and 1 bar
pressure (Figures S1, S2 and Supplementary Text). Additionally, the standard reduction potential
of Cais -2.87 V vs. the standard hydrogen electrode (SHE), close to that of Li (-3.04 V vs. SHE).
These factors suggest that metallic Ca is amenable to electroplating from solution and activates N
at room temperature. Inspired by investigations of calcium metal batteries, we found that Ca
electroplating and stripping can be achieved in electrolytes containing Ca[B(hfip)s]» and calcium
borohydride (Ca(BH4)2) in tetrahydrofuran (THF) at 1 bar and room temperature.?’> Typical Li-
based electrolytes were composed of lithium perchlorate (LiClO4) and lithium tetrafluoroborate
(LiBF4) dissolved in THF, but the calcium versions of these salts, calcium perchlorate (Ca(ClO4)2)

and calcium tetrafluoroborate (Ca(BF4)2), are poorly soluble in THF. Previous work has indicated,



however, that Ca(ClO4), and Ca(BF4)> can achieve Ca plating and stripping in ethylene carbonate

(EC) and propylene (PC) at 75 - 100 °C.3!

In this letter, we demonstrate the first metal alternative to lithium for electrochemically driven
nitrogen reduction to ammonia. We achieved a calcium-mediated nitrogen reduction reaction (Ca-
NRR) using Ca[B(hfip)s4]2 or Ca(BHa4)> dissolved in THF with 0.25 vol.% by ethanol (EtOH) as a
proton shuttle at ambient conditions. The ammonia FEs of Ca[B(hfip)s4]> and Ca(BHa), electrolytes
were 40 + 2% and 28 + 3%, respectively, at 1 bar and room temperature. Ar-fed experiments and
quantitative N, isotope measurements confirmed that the synthesized ammonia came from N

reduction.
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Figure 1. Investigation of calcium-mediated nitrogen reduction. (a) Schematic of Ca-NRR in a
flow cell. The Ca** diffuses from the bulk electrolyte through the solid-electrolyte interphase

(SEI) and is reduced to metallic Ca on the cathode. Metallic Ca reacts with N; to form calcium



nitride (CaxN,H;) which is then protonated to produce ammonia. A Pt-enriched PtAu alloy is
used as the anode hydrogen oxidation reaction (HOR) catalyst.”’ (b) Free energy diagram for

nitrogen adsorption and dissociation on the Ca(111) surface.

Ca-NRR was carried out in a three-chamber flow cell at 1 bar and room temperature, and the
effective area of the flow field was 25 ¢m?.2? Figure la depicts the cathode side, on which the
calcium ion (Ca?") is electrochemically reduced into metallic calcium which then reacts with N
to form calcium nitride (CaxNyH,) (Figure S3). On the anode side, the hydrogen oxidation reaction
(HOR) on the PtAu alloy catalysts continuously provides protons for Ca-NRR, transported by a
proton shuttle, which in this case is ethanol (EtOH). Finally, the calcium nitride is protonated by
EtOH to continuously produce ammonia. Our theoretical calculations reveal a relatively low N»
dissociation barrier on the metallic calcium surface, indicating that the nitrogen dissociation on the
calcium is fast at ambient conditions (Figure 1b), which is consistent with our experimental results
that metallic Ca exhibited the capacity to activate N» at room temperature (Figure S1 and S2). Both
the surface vibration modes and the dipole-field contributions (Table S1) are included in the free
energy barrier. The calculated dissociation barrier varies within 0.1 eV in the presence of the SEI
layer contacting with the THF solvent (Figure S4). Furthermore, unlike transition metals, on one
hand, calcium and lithium exhibit facile nitrogen dissociation barrier (Figure S5), and on the other
hand, the close-to-zero NH3 adsorption energy (Table S2) helps to desorb the produced NH3 easily
at ambient conditions. The reduced calcium surface can partially transform into a hydride (Na-
limiting region) or nitride (proton-limiting region) due to the significant thermodynamic driving
force (Figure S6 and Table S3). In the optimal region, the cathodic surface remains as the metallic

calcium surface (Figure S7), The electrochemical barriers for hydrogen evolution and N» reduction



are estimated to be facile at the very negative potential (Figures S8, S9, and Table S4). Therefore,
we conclude that Ca-NRR is also a mass-transport-limited reaction, similar to Li-NRR (See
Supplementary for detailed discussion). The stainless-steel cloth (SSC) was used as a gas diffusion
electrode (GDE) to overcome the mass transport limitation of N2> and H». The working electrode
(WE, cathode) and counter electrode (CE, anode) were SSC with a pore size of 30 um (Figure
S10), and the PtAu alloy catalysts on the SSC substrate (PtAu/SSC), respectively. The pseudo
reference electrode (RE) was a Pt wire. The N> and H» used in the experiments were cleaned by
commercial purifiers (NuPure) to reduce N-containing compounds to the parts per trillion by
volume (ppt-v) level (Figure S11). The gas flow rates were controlled by a mass flow controller
(Brooks Instrument). The pressure gradient between the gas inlet and outlet was fixed at
approximately 15 mbar to prevent electrolyte flooding into the gas side of the GDE (Figure S11).
The electrolyte consisted of 0.2 M Ca[B(hfip)4]2 or 0.5 M Ca(BH4), in THF with 0.25 vol.% EtOH
as the proton shuttle. Typically, the produced ammonia was distributed in the gas phase, electrolyte,
and electrode deposits. The ammonia content was measured using ion chromatography (IC,

Metrohm).

Ca[B(hfip)s]> was synthesized by reacting Ca(BH4), with hexafluoroisopropanol (hfip) as
previously reported.**3* The as-prepared Ca[B(hfip)s]» was characterized by nuclear magnetic
resonance (NMR) (Figures S12 and S13). The performance of four calcium salts was examined in
the flow cell and single-compartment cell at room temperature, first by demonstrating Ca plating
onto the cathode. As shown in Figure 2a, Ca plating onto the cathode was observed in the cyclic
voltammograms (CV) of Ca[B(hfip)4]> and Ca(BHa): in the flow cell, as well as in the CV in the

single cell (Figures S14 and S15). The CV of Ca(BH4), shows the Ca plating at around -2 V vs.



Pt, where the plating onset potential may have been shifted due to a potential shift of the reference
electrode of Pt. The onset potential in the single-compartment cell with a lithium iron phosphate
(LFP) reference shows a Ca plating closer to -3 V vs LFP, the expected plating potential value
(Figure S14).3 The sharp Ca plating curve of Ca[B(hfip)s]» can be attributed to its higher ionic
conductivity compared to Ca(BH4)2 (Figures S14-S17). Ca battery studies show Ca plating and
stripping to be less reversible than Li due to the presence of Ca-containing deposits or passivation
layer on the electrode, however, electrochemical Ca stripping is not required for ammonia
production.?”-?%-3133-35 Under similar conditions, the masses of deposits on the cathode for the Li-
NRR and Ca-NRR experiments are not significantly different (Figure S18). Chronopotentiometry
(CP) of Ca[B(hfip)s]> was conducted at a current density of -2 mA/cm? (Figure 2b). The anode
potential remained at ~0.3 V vs. Pt and the cathode potential stabilized at ~-4.5 V vs. Pt. After
passing 200 C of charge, the ammonia FEs of 33 + 1% was achieved without potential cycling
(Figure 2c), and about 90% of the produced ammonia was distributed in the electrolyte (Figure
2d). The CP of Ca(BH4), in THF with EtOH was conducted with the current density of -0.8
mA/cm? (Figure S19). The Ca(BH4), exhibited an ammonia FE of 28 + 3% after passing 100 C
(Figure 2c). Most of the detected ammonia originated from the electrode deposits (Figure 2d),

1222 where

suggesting that Ca-NRR with Ca(BH4)2 may operate in the proton-limiting regime,
Ca(BH4)2 consumes protons by reacting with EtOH and protons produced from HOR, confirmed
by NMR data (Figure S20). In other words, available protons were consumed by Ca(BHa)», leading
to a deficit in protons available to protonate the calcium nitride and form ammonia — consistent
with the known reactivity of the BH4™ anion in the presence of a proton source. NH3 was produced

by hydrolyzing the calcium nitride in a batch process similar to a previously reported Li cycling

procedure.!” After disassembling the flow cell, black electrode deposits were observed on the



cathode (Figure S21), corroborating the Ca plating observed in the CV curve (Figure 2a).
Moreover, no ammonia can be detected when using Ar as the cathode gas, which suggested that
the produced NHj is from reduction of N> when feeding N> (Figure 2c). CP experiments of
Ca(BH4)2 and Ca[B(hfip)4]> were also conducted in a single-compartment cell with SSC as a
working electrode, LFP as a reference electrode, and Pt mesh as a counter electrode (Figures S22
and S23). In single-compartment cell experiments, 6.3% FE in the SEI and 3.6% FE in the

electrolyte were detected by using Ca(BH4)2 and Ca[B(hfip)4]2, respectively.

CVs of Ca(ClOs); and Ca(BF4)2) show a much lower current density even with an applied potential
up to -5 V vs. Pt, and they do not show evidence of Ca stripping (Figure 2a). The CP experiments
of Ca(ClOs), and Ca(BF4): were conducted at a current density of -0.25 mA/cm? (Figures S24 and
S25). After 30 minutes of CP, the cathode potentials were more negative than -15 V vs. Pt,
suggesting no Ca plating on the cathode. This result agrees with the previous findings that Ca does
not plate from dissolved Ca(ClO4), or Ca(BF4), at room temperature.®! The ability of Ca to plate
from a salt may relate to the Ca?" conductivity of the SEI layer and the energy barrier for Ca
nucleation and growth.3! No ammonia was detected after the CP experiments using Ca(C10s), and

Ca(BF4): as electrolyte salts (Figure 2c¢).
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Figure 2. Electrochemical tests of Ca-NRR in the flow cell. (a) Cyclic voltammetry (CV) curves

were recorded between 0 V and -5 V vs. Pt with a scan rate of 20 mV/s without iR correction.

The electrode area was 25 cm?. The electrolytes were 0.2 M Ca[B(hfip)s]: in THF, 0.5 M

Ca(BHy): in THF, Ca(ClOy): in PC, and Ca(BFy; in PC with 0.25 vol.% EtOH. (b)

Chronopotentiometry (CP) of Ca[B(hfip)4/: at a current density of -2 mA/cm? (current: -50 mA).

All potentials reported are shown without iR correction. The electrolyte comprised 0.2 M
Ca[B(hfip)4]: in THF with 0.25 vol. % EtOH. (¢c) Ammonia Faradaic efficiencies of different
calcium salts under control experimental conditions. CE and WE represent counter electrode

(anode) and working electrode (cathode) side gas feeding, respectively. (d) The distribution of



produced ammonia in the electrolyte, gas phase, and electrode deposits. The total passed charge
for 0.2 M Ca[B(hfip)4]: and 0.5 M Ca(BH,): was 200 C and 100 C, respectively. In the case of
Ca(BH,)., it should be noted that H20 can react with N-containing compounds (e.g. CaxN,H)
in the electrode deposits to produce NH;. Error bars represent the standard deviation from at

least three independent measurements.

To confirm that the produced ammonia came from nitrogen reduction, '°N, (Sigma Aldrich, 98
at.% purity, cleaned by purifier) isotopic labelling experiments were employed in the flow cell
under the same conditions as the “N experiments (Figure S26) for the electrolyte comprising of
0.2 M Ca[B(hfip)s4]2 in THF with 0.25 vol.% EtOH. Two independent experiments were performed
after passing charges of 60 C and 200 C, respectively. When the electrolyte was directly measured
after the experiment using '"H NMR, a peak at 7 ppm covered the peaks of NH4", and therefore,
the electrolyte had to be diluted 5-10 times by 2 M HCI to distinguish the ammonia peak (Figure
S27). This diluted solution was used for the "H NMR measurement with acetone as the calibration
compound. As shown in Figure 3a, the doublet '"'NH,4" signals of both the electrolyte and gas phase
for the experiments strongly suggest that the ammonia was produced from the reduction of N».
The "NH4" was also quantified by ion chromatography. The quantified concentrations of "NH4*
by IC and NMR were very similar, confirming the reliability of the quantification method (Figure
3b). Moreover, similar amounts of ammonia were synthesized in both '’N» and '*N» experiments
under matching conditions, indicating that the detected ammonia originated from N> reduction by
the Ca-NRR process (Table S5 and Figure S28). For the Ca[B(hfip)s]» salt, the ammonia in the
electrode deposits solution was less than 0.5% of the total produced ammonia (Table S5). Thus,

the electrode deposits solution was not tested for NMR analysis.
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After confirming that the synthesized NH; came from N> reduction, a method to enhance NH3
selectivity was investigated. While 33 + 1% FE towards NH3 is comparable with recent Li-NRR
reports in the literature (Table 6), there is a need to mitigate competing side reactions, including
Ca reaction with protons to form products such as H> and calcium hydride (CaHz). We
demonstrated that once the metallic Ca has formed CaHa, it loses its unique ability to activate N
at room temperature (i.e., CaH> cannot activate N; at room temperature), which accounts for some
loss of FE in the Ca-NRR process (Figure S29). The effect of EtOH concentration on the NH3 FE
revealed that protons compete with N> for reacting with deposited Ca metal, and the reaction
between Ca metal and protons is dominated in the N»-limited region (high EtOH concentration),
leading to decreasing NHj3 selectivity (Figures S30 and S31). Potential cycling was employed in a
proton-limited regime (0.25 vol% EtOH) to facilitate Ca reaction with N, and then NH3 formation
coupled with Ca dissolution, as has been demonstrated in Li-NRR literature and investigated using
atomistic kinetic modeling.?? As a result, an enhancement of NH3 selectivity to a FE of 40 + 2%
was observed (Figure S32). It is evident when comparing the effect of ethanol concentration
between Ca-NRR and Li-NRR that the optimal ethanol concentration ranges are broader for Ca-
NRR. Ca-NRR likely requires more ethanol to disrupt the solid electrolyte interphase layer and
expose the freshly plated, metallic Ca for N> activation. This requirement may explain some loss
of FE for the Ca-NRR system compared to the Li-NRR system (Figure S30). 22°*!Additional
methods must be considered to further enhance the NHs selectivity, including increasing
temperature?® and designing Ca complexation schemes.?* In the Li-NRR system, SEI engineering
and reactor design has drastically improved selectivity, and these methods may translate to the Ca-
NRR system. Competition between side reactions and ammonia production will continue to be an

area of import, both for the established Li-NRR and new Ca-NRR fields.
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Figure 3. °N; isotope labelling experiments in 0.2 M Ca[B(hfip)4]: in the flow cell. (a) NMR
spectra were obtained by using >N,, with samples taken at 60 C and 200 C from independent
experiments. (b) The comparison of NHs concentrations quantified by IC and NMR. NH;

concentration quantified by NMR was derived from the integration of the spectra in (a) with

respect to an internal standard.

To investigate the composition of the post-reaction electrode deposits resulting from either
Ca(BHa4)2- or Ca[B(hfip)4]2-containing electrolytes (denoted as Ca(BH4)2 or Ca[B(hfip)a]2), X-ray
photoelectron spectroscopy (XPS), scanning electron microscope (SEM), and X-ray diffraction
(XRD) were employed. Ca-NRR experiments were performed in an Ar-filled glovebox, and a
transfer system (Figures S33- S35) was used to minimize sample exposure to air. The SEM images
of Ca(BHa4)> show thick deposits on the cathode after the CP test of 100 C charge (Figure S36).
Energy dispersive spectrometry (EDS) mapping shows the uniform distribution of calcium and
boron (Figure S37). On average, the EDS spectrum of electrode deposits exhibits a Ca/B ratio of
1:2, corresponding to that of Ca(BH4)2 (Figure S38). The XRD pattern of the Ca(BH4): electrode
reveals that the main crystalline component in electrode deposits is Ca(BHa4), (Figure S39). For

12



the Ca[B(hfip)s]> experiments, the SEM images show fewer electrode deposits than Ca(BHa4)>
(Figure S40). The thickness of electrode deposits likely indicates the presence of reduced nitrogen
species in the electrode deposits. In other words, the thick deposits from Ca(BH4)> may largely
contain built-up reduced nitrogen species, while fewer deposits from Ca[B(hfip)s]> support that
the reduced nitrogen forms ammonia directly in the electrolyte and gas phase (Figure 2d). The
EDS mapping of Ca[B(hfip)4]> exhibits the distribution of calcium and boron (Figure S41) and the
Ca/B ratio is close to 1:4 (Figure S42). Inductively coupled plasma mass spectrometry (ICP-MS)
analysis of the electrode deposits showed slightly more Ca-rich ratios: 3:4 for Ca(BH4)2 and 4:5

for Ca[B(hfip)4]2, indicating Ca plating (Table S7).

Depth profiling XPS spectra of electrode deposits using Ca(BH4)> or Ca[B(hfip)s]> were obtained
using an Ar ion gun to etch the surface at different times (Figure 4 and Figure S43). XPS survey
spectra of the post-reaction electrode deposits are given in the Supporting Information (Figures
S44 and S45). The adventitious C 1s peaks were calibrated to 284.8 eV (Figure S46), and other
peaks were shifted accordingly. As shown in Figure 4a, the doublet peaks of Ca 2p1» and Ca 2p3
with the splitting of ~3.5 eV were observed.?” With increasing etching time, the Ca 2ps3,, peaks
were shifted to the lower binding energies, which may indicate the presence of Ca’ in the post-
reaction electrode deposits.” As shown in Figure 4b, the N 1s spectra of post-reaction Ca(BHz),
electrode deposits have a peak at 398 eV, which is attributed to calcium nitride.*® When using
Ca(BHa4): as an electrolyte, the Ca-NRR was likely in the proton-limiting region (i.e. Ca(BH4)2
reacted with EtOH to reduce available proton concentration), which led to the accumulation of
calcium nitride species (CaxNyH,).!>*? CaH> is known to form during Ca plating in Ca(BH4):-

based electrolytes.?® CaH, is subject to nitridation in the presence of N, but only at elevated
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temperatures.® It may also react with protic species.®’. This XPS result is consistent with the
measured ammonia produced from electrode deposits (Figure 2d) and the SEM image results
(Figure S36). Compared to the post-reaction electrode deposits of Ca(BH4)2, the Ca[B(hfip)4]>
electrode deposits had a slight shift in the Ca 2p3» positions to higher binding energies with
increasing etching time (Figure 4c). Moreover, there is no N 1s signal in the post-reaction electrode
deposits of Ca[B(hfip)4]> (Figure 4d), which agrees with the results that little ammonia (less than
20 pg) was found in the electrode deposits (Table S5). When using Ca[B(hfip)s] as an electrolyte
and EtOH as a proton carrier, the Ca-NRR was in the nitrogen-limiting region, and the calcium
nitride species were consumed by EtOH to produce NH3.!222 Therefore, almost no nitrogen species
were present in post-reaction electrode deposits of Ca[B(hfip)4].. Depth-profiling XPS B 1s spectra
(Figure S47) show that BOx/BHyx and BO/BFx were present in the post-reaction electrode deposits
of both Ca(BH4), and Ca[B(hfip)s]2, respectively.*! The thermodynamic stability analysis (i.e. free
energy versus the applied potential) suggested that possibly stable solid phases in the electrode
deposits are Ca(BFi),, CaByO,, CaF,, Ca(OH),, and CaO (Figure S48). These findings are
consistent with the experimental observations. Time-series experiments were performed over 10
mins, 67 mins, 133 mins, and 267 mins to show the changes in cathode deposits during the Ca-
NRR process. The NH3 Faradaic efficiencies stay around 30-33% over 4 h (Figure S49). The
turnover number of Ca-NRR (0.088) is comparable with that of Li-NRR (0.075) under similar
conditions (Figure S50).22 The thickness and composition of the electrode deposits did not change
significantly over time (Figure S51-54). Unique properties of the Ca electrode deposits are subject

for future study.
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Figure 4. XPS investigation of the post-reaction cathode deposits without exposure to air at
different argon sputtering times. (a and b). Depth-profiling XPS spectra of Ca 2p (a) and N s
(b) for the post-reaction electrode deposits of Ca(BH4)2 after the CP test of 100 C. (c and d).
Depth-profiling XPS spectra of Ca 2p (c¢) and N s (d) for the post-reaction electrode deposits of

Ca[B(hfip)4]: after the CP test of 200 C.

In summary, we have demonstrated the first electrochemical, beyond the Li-mediated ammonia
synthesis method using calcium. We found that metallic calcium can be electrodeposited onto SSC
using Ca(BHa): as the electrolyte at room temperature, and the metallic calcium then reacts with
N> to form CaxNyH, deposits on the electrode. Dipping the CaxNyH, deposits in water results in
NH; formation, similar to a previously reported Li cycling method.!” The resulting Faradaic
efficiency of the Ca(BH4), batch process is 28 = 3%. Due to the reactivity of Ca(BHa)> with the
proton shuttle EtOH during the Ca-NRR process, we synthesized another calcium salt,

Ca[B(hfip)s4]2, by reacting Ca(BH4), with hexafluoroisopropanol. Continuous calcium-mediated
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ammonia synthesis was successfully achieved in a flow cell using the electrolyte containing
Ca[B(hfip)s]2 dissolved in THF with EtOH as the proton shuttle. The resulting ammonia FE was
40 + 2% at ambient conditions. Quantitative °N» isotope measurements and Ar-fed experiments
proved that the produced ammonia originated from the reduction of N for Ca(BH4), and
Ca[B(hfip)4]> salts.

This work opens avenues for expanding mechanistic knowledge and solving engineering
challenges in Ca-NRR. Importantly, competition between ethanol reduction and N activation will
require further study to enhance selectivity to NHs. Understanding this competition would
necessitate determining the composition, structure, and properties of the active Ca-rich layer,
including its calcium nitride and hydride species. This work also motivates the investigation of the
Ca solid electrolyte interphase (SEI) layer. Meanwhile for reactor design, it is well known that
Ca?" intercalation into a graphite electrode is much more difficult than Li*, which brings the
advantage that Ca-NRR may use cheaper carbon-based GDE electrodes in practical
applications.*>*} Finally, this work inspires the exploration of other metal alternatives to Li, e.g.,
Mg, Ba, Sr, and Na, for mediating nitrogen reduction to ammonia. These alternatives would
broaden the options for efficient, selective, stable, cost-effective, and scalable technologies for

electrochemical fertilizer synthesis.

Methods

Methods, experimental details, and additional figures and tables are available in Supporting

Information. https://
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1) Verification of mineral phase purity composing the synthetic cores


mailto:noel@slac.stanford.edu

2) Example of analysis of full Fe K-edge pn-XANES spectra across multiple putative redox
anomalies

3) Selection of the energy positions for the Fe K-edge multiple energy pn-XRF mapping

4) Identification of Fe components using SiVM fitting

5) Excluding false positive redox microsites based on comparisons of the same Fe component
obtained from XANES and SiVM fitting

6) Excluding false positive redox microsites based on comparisons of distinct Fe components

1) Verification of mineral phase purity composing the synthetic cores

X-ray diffraction procedure and results. Phase purity of the synthetic goethite, composing
the Fe'-(hydroxy)oxides microsite, natural Fe'-Sulfide (i.e., pyrite and residues of FeS)
composing the Fe'-S microsite, and natural siderite composing the Fe''COs microsite, were
confirmed by X-ray diffraction (XRD) analysis using a Rigaku MiniFlex 600 Benchtop X-ray
Diffraction System at the Cu wavelength (A=1.5406 A) and phase identification was performed by
automatic search, using the Inorganic Crystal Structure Database (ICSD, ©2019 FIZ Karlsruhe
GmbH).

(i) Py (i) (iii)

500
1

Gt

Gt

Counts (a.u.)
Counts (a.u.)
Counts (a.u.)

Gt

Gt

T T T
50 80 70 10 20 30 40 50 50 70 10 20 30 50 50 70

40 40
20 (Cu ko) 26 (Cu ka) 20 (Cu ka)

T T
10 20 30

Figure SM-1. X-ray diffractogram of: (i) natural Fe'-sulfide, (ii) natural siderite (=Sid), and (iii)
synthetic goethite (=Gt). Iron sulfide is composed of a mix of pyrite (=Py) and FeS.



2) Example of analysis of full Fe K-edge pn-XANES spectra across multiple putative redox

anomalies

Fe'll-(hyd roxly)oxides
Fe'l-smectite

@] re'co,

Normalized absorbance (a.u.)

7110 | 7130 7150
Energy (eV)

Figure SM-2. (i) Full Fe K-edge u-XANES spectra collected from (ii) the map of putative redox
anomalies highlighted by SiVM fitting of multi-energy Fe K-edge u-XRF maps of Fe''-S, Fe''COs,
and Fe''-(hydroxy)oxides microsites in the Fe'!'-free sand synthetic core. The white circles show
the analysis location of full Fe K-edge u-XANES spectra. The real locations of Fe''-S, Fe''COs,
and Fe'-(hydroxy)oxide microsites are marked with green, blue, and red dashed circles,
respectively.

3) Selection of the energy positions for the Fe K-edge multiple energy p-XRF mapping

The energy position of the Fe K-edge XANES spectrum mainly depends on the redox state

of Fe in Fe-bearing minerals.

The Fe 3d pre-edge of Fe® (metallic Fe) is centered around 7114 -7116 eV (Westre et al.,
1997; Figure SM-3a). Contrary to Fe" and Fe"' pre-edge, the Fe 3d pre-edge of Fe® is
characterized by significant high intensity of absorbed X-ray energy (~ 0.5 in normalized
absorbance), thus energy corresponding to the Fe 3d pre-edge of Fe® can be reliably selected to
detect the presence of Fe? species. Although the actual number and positions of absorption features
in the pre-edge region of Fe K-edge XANES spectra depends on the symmetry and distortion of
the site, it is considered that Fe'"" is characterized by absorption features centered around 7114 eV,

whereas Fe'' is characterized by absorption features centered around 7112 eV (Wilke et al., 2001;



Galoisy et al., 2001; Farges et al., 2004). Thus, 7116 eV was selected for u-XRF mapping in order

to contrast the presence of Fe® species with Fe''- and Fe'''-species.

The energy of the white-line of the XANES spectra of the Fe-S species is typically in the
range of 7120-7123 eV, while other Fe''-species are typically in the range between 7125-7129 eV
with an average of 7127 eV (Figure SM-3a). Thus, 7123 eV and 7127 eV were both selected for
u-XRF mapping to contrast the presence of Fe-S species (Fe'-S and Fe'""''-S, i.e. greigite) with
other Fe''-species, respectively. 7127 eV corresponds also to the white-line of the XANES spectra
of some Fe'"""'silicate references (Figure SM-3b), however, because the intensity of the absorbed
energy decreases above 7127 eV for Fe'-species while increases for Fe'"""'-silicate references up
to 7131-7132 eV, the difference of the intensity of absorbed X-ray energy between 7127 eV and
7132 eV should provide enough information to contrast the presence of Fe'-species vs Fe!'!!'-

silicate.

The energy of the white-line of the XANES spectra of the Fe-(hydroxy)oxides and Fe'!'-
species are typically in the range of 7131-7138 eV (Figure SM-3c). The energy 7132 eV captures
Fe'"""-(hydroxy)oxides and Fe'"'-(hydroxy)oxides, so, 7132 eV was selected for u-XRF mapping
to detect the presence of both Fe'’"- and Fe"'- (hydroxy)oxides. However, as we previously
underlined, 7132 eV corresponds also to the white-line of the XANES spectra of a large set of
Fe'"_silicate references (Figure SM-3b). Thus, in addition, 7138 eV was also selected for u-XRF
mapping to contrast the presence of Fe'"'- (hydroxy)oxides while excluding a majority of Fe'"!!'-
silicate references (Figure SM-3b), even if some reference compounds of Fe'!'-clays, such as Fe'"'-
smectite, cannot be distinguished from Fe'"'-(hydroxy)oxides (Figure 4) with this approach. An
alternative to collecting less maps, would be to obtain a u-XRF map at 7134 eV instead of 7132

eV and 7138 eV, which is sensitive to Fe'!'-O species.

Finally, because the intensity of the absorbed energy decreases above 7138 eV for all Fe-
species (mainly for Fe'''-species), an additional energy above 7138 eV has been randomly selected
to represent the post-edge (i.e., 7145 eV). Thus, the set of Fe intensities for each incident energy
results in a shortened spectrum of Fe fluorescence intensity as a function of energy, similar to a
XANES spectrum where 7145 eV corresponds to the post-edge. Furthermore, the Fe fluorescence
peak intensity at the post-edge incident energy (i.e., 7145 eV) corresponds also to the total Fe

fluorescence intensity.



Fe"-phosphate

Chukanovite Vermiculite

: 333 3 3
> E 458 8 8
% (1] E 2 2 2 ~ ~ &~ 2 (A ~
o MmN o o0 wn
- S8EE 3 1
™~ NN
ETVE i T | 1 —— Elemental Fe
(i) G 1
0.5 Hyd \_.
v 0.5 Cl-Green Rust
// e SO,-Green Rust
/ Pyrite 3 >z B 3 3 1 \ Magnetite
i Mackinawite_abio_Fe! é 5 E g ﬁ é - .,\ 8
=. Mackinawite_abio_Fe" = g A 2 ] = =. Maghemite
m L m 1 \
S— Greigite - H S Hematite
] (ii) ]
E - é Akaganeite
© 05 )
.E i -e ] \ Schwertmannite
o o Goethite
3 _A siderite Biotite B
r - \ Lepidocrocite
L1 Fe'-sulfate Phlogopite - T Ferrihydrite
] ! s ti k4
N - Fe!-DOM erpentine N "
-T_ﬂ Vivianite Mg-rich chlorite .f__u Fe'l-humate
- m Fe'-hydroxide ]
£ €
—- =
] ]
2 4

Normalized
absorbance (a.u.)

T T - T T ! 1 - - T T
7110 71I20 71'30 11I40 71I50 7160 7110 7120 7130 7140 7150 7160 7110 7120 7130 7140 7150 7160
Energy (eV) Energy (eV) Energy (eV)

Figure SM-3. Fe K-edge XANES spectra of reference compounds representative of the most commonly found Fe species in both oxic
and anoxic soils to give the highest contrast between oxidation/chemical states. The large set of XANES spectra is displayed respectively
in three groups: (i) Fe°, Fe-S species and Fe''-species; (ii) Fe'""'-silicates; and (iii) Fe-(hydroxy)oxides and Fe'"'-species. The dashed
purple, green, blue, and red lines indicate the energy selected for each x-XRF map for capturing Fe®, Fe-S species, other Fe!'-species,
and Fe'""'-(hydroxy)oxides, respectively. The black dashed lines indicate the energy selected for capturing the post-edge. The chemical
formula, the source, and the reference of each compound are provided in Table SM-1.



Table SM-1: Iron reference compounds analyzed by XANES.

Compound Chemical formula Source/synthesis Reference
Elemental Fe Fe® Metallic foil EXAFS material, 2023
Pyrite FeS, 2P Synthetic Morin et al., 2017
Mackinawite_abio Fe" FeS?P Synthesized with Fe" Bone et al., 2014

Synthesized with abiotic
Mackinawite abio Fe' FeS &b reduction of Fe'" Morin et al., 2017
Greigite FeaS, 2P Synthetic Noél et al., 2014
Siderite Fe(CQy) b Synthetic Dublet et al., 2012
Fe'-sulfate heptahydrate | FeSO, - 7H,0 P Sigma Kumar et al., 2018
Fe''-DOM
DOM=Suwannee River
Fulvic Acid (SRFA) Not determined Synthetic Trusiak et al., 2018
Vivianite Fes(PO4)p*8H0 2P Synthetic Cosmidis et al., 2014
Fe''-hydroxide Fe(OH), 2P Synthetic Ona-Nguema et al., 2009
Chukanovite Fe,(CO3)(OH), 2P Synthetic Azoulay et al., 2012

Natural, Mineralogy
Collection of IMPMC,

Biotite Not determined Paris, France Othmane et al., 2013
Mineral collection, IMPMC,
Phlogopite Not determined Natural Paris VI, France
Natural, New Idria Mining
Serpentine Not determined District (CA, USA) Noél et al., 2014

Mg-rich chlorite

Not determined

Natural, by D. Beaufort,
Université de Poitiers,
France

Othmane et al., 2013

Mineral collection, IMPMC,

Vermiculite Not determined Natural Paris VI, France
Cl-Green Rust Not determined Synthetic LBL database
S04-Green Rust Not determined Synthetic LBL database, Pantke et al., 2012

Magnetite Fe304 2P Synthetic (biogenic) Wang et al., 2008
Maghemite y-Fe,03 2P Synthetic Hohmann et al., 2011
Hematite a-Fe,03 2P Synthetic Hohmann et al., 2011
Akaganeite B-FeOOH?P Synthetic Hohmann et al., 2011
Schwertmannite FesOs(OH)6S0O4 P Synthetic Maillot et al., 2013
Goethite o-FeQOOHP Synthetic Maillot et al., 2011
Lepidocrocite y-FeOOH?*P Synthetic Ona-Nguema et al., 2005
Ferrihydrite (6-line) Fe'',03¢0.5H,0 2P Synthetic Maillot et al., 2011

Fe'''-humate (solid OM)

Not determined

Purified colloidal material
from Rio Negro River
(Brazil)

Allard et al., 2011
Cosmidis et al., 2014

Fe'"-phosphate

FePO, &

Natural

Cosmidis et al., 2014

destimated by X-ray Absorption Spectroscopy
bX-ray diffraction confirmed
4) ldentification of Fe components using SiVM fitting



In this section, the map of the contribution spatial distribution of each Fe component of
SiVM fitting in Fe'"-free sand and Fe''-smectite sand environments is compared with the map of
the contribution spatial distribution of the Fe''-S, Fe''COs, and Fe''—(hydroxy)oxide components

of XANES fitting to determine to which Fe component each SiVM fitting component map is most
similar to.

Fe''-free background
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Figure SM-4. Retained correlation plots of Fe components ’ contribution of SiVM fitting (y -axes)
compared with the contribution of the (i) Fe'-S, (ii) Fe''COs, and (iii) Fe"'-(hydroxy)oxides
components of XANES fitting (x -axes) in each pixel of multiple Fe K-edge x-XRF maps of Fe''-S,
Fe'lCOs, and Fe''-(hydroxy)oxides microsites in the Fe''"free sand synthetic core. The
contribution of each Fe component, regardless the fitting method (x- and y-axes), is expressed as
the proportion of total Fe counts. The dashed purple lines indicate an ideal spatial distribution
y=x, i.e. a slope of 1, between the two fitting methods.
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Figure SM-5. Initial (without refinement of data processing) maps of the spatial distribution of
the contribution of Fe''-S (top), Fe!'COs (middle), and Fe'"'-(hydroxy)oxide (bottom) components
of (i) XANES and (ii) SiVM fittings of multi-energy Fe K-edge u-XRF maps of Fe''-S, Fe''COs,
and Fe''-(hydroxy)oxides microsites in the Fe''-free sand synthetic core. The real locations of
Fe'l-s, Fe''COs, and Fe'"!-(hydroxy)oxide microsites are marked with green, blue, and red dashed



circles, respectively. A Fe'''-smectite microsite was also added, as indicated in the bottom panels.

Due to the spectral similarities (in energy and intensity) of the Fe'''-smectite XANES spectrum and
the Fe'!'-(hydroxy)oxide XANES spectrum (Figure SM-2), the Fe''-smectite microsite is included
in the Fe'"'-(hydroxy)oxide component.

Figure SM.6 Retained correlation plots of Fe components’ contribution of SiVM fitting (y -axes)
compared with the contribution of the (i) Fe'-S, (ii) Fe''COs, and (iii) Fe''-(hydroxy)oxides

Felll

-smectite background

SivM
SivM

AE Fiing XNES Fitig | |
Fe''co; component Fe'"'-(hydroxy)oxide component
components of XANES fitting (x -axes) in each pixel of multiple Fe K-edge u-XRF maps of Fe'-S,
Fe''COs, and Fe''-(hydroxy)oxides microsites in the Fe''"smectite sand synthetic core. The
contribution of each Fe component, regardless the fitting method (x- and y-axes), is expressed as

the proportion of total Fe counts. The dashed purple lines indicate an ideal spatial distribution
y=x, i.e. a slope of 1, between the two fitting methods.
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[()] XANES Fitting SiVM fitting

Fe''co,
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component
Figure SM-7. Initial (without refinement of data processing) maps of the spatial distribution of
the contribution of Fe''-S (top), Fe'COs (middle), and Fe'"'-(hydroxy)oxide (bottom) components
of (i) XANES and (ii) SiVM fittings of multi-energy Fe K-edge u-XRF maps of Fe''-S, Fe''COs,
and Fe'"'-(hydroxy)oxides microsites in the Fe'"-smectite sand synthetic core. The real locations

of Fe'l-S, Fe''COs, and Fe'!'-(hydroxy)oxide microsites are marked with green, blue, and red
dashed circles, respectively.

5) Excluding false positive redox microsites based on comparisons of the same Fe component
obtained from XANES and SiVM fitting



In this section, we re-mapped each of the Fe''Sz, Fe''COs, and Fe''-(hydroxy)oxide
components based on comparing the contribution spatial distribution of the same Fe component
obtained from the two distinct fitting methods, i.e. XANES and SiVM.

Fe'-free background

SivM

XANES Fitting XANES Fitting

Initial Cleaning mask

:
Figure SM-8. Left: Initial (without refinement of data processing) map of the spatial distribution
of the Fe'-S component contribution of (i) SiVM fitting and (ii) XANES fitting. White arrows
indicate the false positives in the Fe'"S component spatial distribution of XANES fitting compared
to the SiVM fitting; (iii) Correlation plot of the contribution of the Fe'-S component of XANES
fitting with SiVM fitting in each pixel of Fe K-edge multiple energy u-XRF maps of Fe''-S, Fe!'COs,
and Fe'''-(hydroxy)oxide microsites in the Fe'"-free sand synthetic core. The contribution of Fe
component, regardless the fitting method (x- and y-axes), is expressed as the proportion of total
Fe counts. The dashed purple line (top left panel) indicates an ideal spatial distribution y=x, i.e.
a slope of 1, between the two fitting methods.

Right: (i) Mask (outlined in red) defined to select points (i.e., pixels) from the correlation plot to
re-map the contribution spatial distribution of the Fe'-S component from the XANES and SiVM
fittings. Points excluded in the masking process are not linearly and simultaneously present in
both the XANES and SiVM fitting maps; Re-mapping of the spatial distribution of the Fe'-S
component contribution of (v) XANES fitting and (vi) SiVM fitting.

Note: The false positive Fe'-S microsites indicated by white arrows in (i) were successively
removed in reconstructed maps (v and vi) after re-mapping the Fe'-S component using exclusively
the correlated points between XANES and SiVM fitting (i.e., the ‘cleaning mask’). The real
locations of the Fe''-S microsites are marked with green dashed circles.
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Figure SM-9. Left: Initial (without refinement of data processing) map of the spatial distribution
of the Fe'"COz component contribution of (i) SiVM fitting and (ii) XANES fitting. White arrows
indicate the false positives in the Fe!'COs component spatial distribution of XANES fitting
compared to the SiVM fitting; (iii) Correlation plot of the contribution of the Fe'"COs component
of XANES fitting with SiVM fitting in each pixel of Fe K-edge multiple energy u-XRF maps of Fe!''-
S, Fe''COs, and Fe''-(hydroxy)oxide microsites in the Fe''-free sand synthetic core. The
contribution of Fe component, regardless the fitting method (x- and y-axes), is expressed as the
proportion of total Fe counts. The dashed purple line (top left panel) indicates an ideal spatial
distribution y=x, i.e. a slope of 1, between the two fitting methods.

Right: (i) Mask (outlined in red) defined to select points (i.e., pixels) from the correlation plot to
re-map the contribution spatial distribution of the Fe''CO3 component from the XANES and SiVM
fittings. Points excluded in the masking process are not linearly and simultaneously present in
both the XANES and SiVM fitting maps; Re-mapping of the spatial distribution of the Fe''COs
component contribution of (v) XANES fitting and (vi) SiVM fitting.

Note: The false positive Fe!'COs microsites indicated by white arrows in (i) and (ii) were
successively removed in reconstructed maps (v and vi) after re-mapping the Fe'"COs component
using exclusively the correlated points between XANES and SiVM fitting (i.e., the ‘cleaning mask”).
The real locations of the Fe"'CO3 microsites are marked with blue dashed circles.
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Figure SM-10. Left: Initial (without refinement of data processing) map of the spatial distribution
of the Fe'"'-(hydroxy)oxide component contribution of (i) SiVM fitting and (ii) XANES fitting. White
arrows indicate the false positives in the Fe'"'-(hydroxy)oxide component spatial distribution of
XANES fitting compared to the SiVM fitting; (iii) Correlation plot of the contribution of the Fe'!'-
(hydroxy)oxide component of XANES fitting with SiVM fitting in each pixel of Fe K-edge multiple
energy u-XRF maps of Fe''-S, Fe!'COs, and Fe''-(hydroxy)oxide microsites in the Fe''-free sand
synthetic core. The contribution of Fe component, regardless the fitting method (x- and y-axes), is
expressed as the proportion of total Fe counts. The dashed purple line (top left panel) indicates an
ideal spatial distribution y=x, i.e. a slope of 1, between the two fitting methods.

Right: (i) Mask (outlined in red) defined to select points (i.e., pixels) from the correlation plot to
re-map the contribution spatial distribution of the Fe''-(hydroxy)oxide component from the
XANES and SiVM fittings. Points excluded in the masking process are not linearly and
simultaneously present in both the XANES and SiVM fitting maps; Re-mapping of the spatial
distribution of the Fe'"'-(hydroxy)oxide component contribution of (v) XANES fitting and (vi) SiVM
fitting.

Note: The false positive Fe'''-(hydroxy)oxide microsites indicated by white arrows in (i) and (ii)
were successively removed in reconstructed maps (v and vi) after re-mapping the Fe!''-
(hydroxy)oxide component using exclusively the correlated points between XANES and SiVM
fitting (i.e., the ‘cleaning mask’). The real locations of Fe'!'-(hydroxy)oxide microsites are marked
with red dashed circles.

6) Excluding false positive redox microsites based on comparisons of distinct Fe component

Theoretically, if the contribution of each Fe component was properly differentiated in each
pixel, no correlation should be observed while comparing with the contribution a distinct Fe
component, regardless of the fitting method. In this section, we re-mapped each Fe'-S, Fe''COs,

and Fe'"'-(hydroxy)oxide component map based on comparing the contribution spatial distribution
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of two distinct Fe components, obtained either from XANES and/or SiVM fitting. Using Fe
component maps generated from both fitting methodologies improves the statistic comparison.

Some comparisons were not conclusive and did not show any correlation curve (Figure
SM-11). Others, that showed correlation curve(s), were further selected for refining map of the
contribution spatial distribution of each Fe component (Figure SM-12 and SM-13). The cloud of
points (i.e., pixels) distributed along correlation curve(s) were selected for re-mapping the Fe
component of XANES or SiVM fitting plotted along the axis the closest from the correlation
curve(s). For example, if the slope of correlation curve(s) was below 1, the cloud of points (i.e.,
pixels) that is near the correlation curve(s), including points below the curve(s), were attributed to
the component plotted in x-axis and thus selected in a ‘“Mask’ to re-map this component (Figure
SM-13). The rest of the points were selected to re-map the component plotted in y-axis. Fe'-S,
Fe''COs, and Fe"-(hydroxy)oxide components can be re-mapped multiple times following
different paths. Thus, the contribution of each re-mapped Fe'-S component can be compared
together in each pixel via correlation plot (Figure SM-14), and similarly for Fe''COs, (Figure SM-
15) and Fe"'-(hydroxy)oxide (Figure SM-16) components. Finally, the correlation curve
describing the contribution spatial distribution of the same Fe component obtained from 2 different
paths of re-mapping was selected for a second re-mapping for removing the last false positives
(Figure SM-14, SM-15, and SM-16).

Sivim
Fe’”-{hydroxy)oxide component

XANES Fitting

XANES Fitting
Fe''co; component Fe"-(hydroxy)oxide component

Figure SM-11. Example of correlation plot not conclusive of the contribution of two distinct Fe
components, obtained from either XANES and/or SiVM fitting, in each pixel of Fe K-edge multiple

energy u-XRF maps of Fe''-S, Fe!'COs, and Fe'!'-(hydroxy)oxide microsites in the Fe'-smectite
sand synthetic core.
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Figure SM-12 A, and B. First re-mapping based on comparing of distinct Fe component.

(i) Correlation plot of the contribution of two distinct Fe components, obtained from either XANES
and/or SiVM fitting, in each pixel of Fe K-edge multiple energy x-XRF maps of Fe'-S, Fe!'COs,
and Fe''-(hydroxy)oxide microsites in the Fe'''-smectite sand synthetic core; (ii) The correlation
curve(s) between both components being above the correlation curve(s) showing an ideal
distribution y=x (i.e. slope of 1 in the dashed purple line), the cloud of points (i.e., pixels) near the
correlation curve(s), including point above the curve(s), are selected to re-map component plotted
in y-axis (i.e., the mask 1 and 3); (iii) The rest of the point are selected to re-map component
plotted in x-axis (i.e., the mask 2 and 4); Comparison of the contribution spatial distribution map
of the Fe components plotted in y-axis (iv) before and (v) after re-mapping using exclusively the
points composing the mask in (ii). Comparison of the contribution spatial distribution map of the
Fe components plotted in x-axis (vi) before and (vii) after re-mapping, using exclusively the points

composing the mask in (iii).
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XANES fitting
Fe”CO3 component

Figure SM-13 A, B, C, and D. First re-mapping based on comparison of distinct Fe component.
(i) Correlation plot of the contribution of two distinct Fe components, obtained from either XANES
and/or SiVM fitting, in each pixel of Fe K-edge multiple energy x-XRF maps of Fe'-S, Fe''COs,
and Fe'''-(hydroxy)oxide microsites in the Fe'''-smectite sand synthetic core; (ii) The correlation
curve(s) between both components being below the correlation curve(s) showing an ideal spatial
distribution y=x (i.e. slope of 1, the dashed purple line), the cloud of points (i.e., pixels) that is
near the correlation curve(s), including point below the curve(s), are selected to re-map
component plotted in x-axis (i.e., the mask 5, 7, 9, and 11); (iii) The rest of the point are selected
to re-map component plotted in y-axis (i.e., the mask 6, 8, 10, and 12). Comparison of the
contribution spatial distribution map of the Fe components plotted in x-axis (iv) before and (v)
after re-mapping using exclusively the points composing the mask in (ii). Comparison of the
contribution spatial distribution map of the Fe components plotted in y-axis (vi) before and (vii)
after re-mapping, using exclusively the points composing the mask in (iii).

First re-mapping

1 Validation
o7 A L A it .
1 1
\ ,/ \\ t

Second re-mapping

_Second mask1

Figure SM-14. Second re-mapping of the spatial distribution of the Fe''-S component
contribution based on comparison of same re-mapped Fe component.

Top: (i) and (ii): Comparison of the contribution spatial distribution map of the Fe"-S component
after a first re-mapping based on comparing of distinct Fe components (extracted from Figure
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SM-13 C and A); (iii) Correlation plot of the contribution spatial distribution of two Fe'-S
components obtained from the 2 different paths of re-mapping described in (i) and (ii). A mask
(outlined in red) is defined to select points (i.e., pixels) from the correlation plot for a second re-
mapping of the contribution spatial distribution of the Fe''-S components. Points excluded in the
masking process are not linearly and simultaneously present in the two Fe''-S component maps;
(iv) and (v) Comparison of the spatial distribution map of the Fe'-S component contribution
plotted after a second re-mapping using exclusively the points composing the second mask in (iii);
(vi) The second re-mapping of the contribution spatial distribution of the two Fe''-S components
are compared using correlation plot to verify that all points are perfectly correlated.

The dashed purple line (iii and vi) indicates an ideal spatial distribution y=x, i.e. a slope of 1,
between the two re-mapping methods. Note: The false positive Fe''-S microsites indicated by white
arrows in the first re-mapping based on comparing distinct Fe components (i) were successively
removed after the second re-mapping of the Fe''-S components using exclusively the correlated
points between two Fe'-S component maps previously re-mapped a first time using 2 different
paths (i.e., the second mask 1). The real locations of the Fe''-S microsites are marked with green
dashed circles.
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Second re-mapping

Second mask2
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Figure SM-15. Second re-mapping of the spatial distribution of the Fe''CO; component
contribution based on comparison of same re-mapped Fe component..

Top: (i) and (ii): Comparison of the contribution spatial distribution map of the Fe''COscomponent
after a first re-mapping based on comparing distinct Fe components (extracted from Figure SM-
12 A and SM-13A); (iii) Correlation plot of the contribution spatial distribution of two Fe'"COs
components obtained from the 2 different paths of re-mapping described in (i) and (ii). A mask
(outlined in red) is defined to select points (i.e., pixels) from the correlation plot for a second re-
mapping of the contribution spatial distribution of the Fe"'COs components. Points excluded in the
masking process are not linearly and simultaneously present in the two Fe!'COz component maps;
(iv) and (v) Comparison of the spatial distribution map of the Fe''COz component contribution
plotted after a second re-mapping using exclusively the points composing the second mask in (iii);
(vi) The second re-mapping of the contribution spatial distribution of the two Fe'"CO3s components
are compared using correlation plot to verify that all points are perfectly correlated.

The dashed purple line (iii and vi) indicates an ideal spatial distribution y=x, i.e. a slope of 1,
between the two re-mapping methods. Note: The false positive Fe''-S microsites indicated by white
arrows in the first re-mapping based on comparing distinct Fe components (i) were successively
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removed after the second re-mapping of the Fe''COs components using exclusively the correlated
points between two Fe'"COs component maps previously re-mapped a first time using 2 different
paths (i.e., the second mask 1). The real locations of the Fe''COs microsites are marked with green
dashed circles.
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Figure SM-16. Second re-mapping of the spatial distribution of the Fe''-(hydroxy)oxide
component contribution based on comparison of same re-mapped Fe component.

Top: (i) and (ii): Comparison of the contribution spatial distribution map of the Fe
(hydroxy)oxide component after a first re-mapping based on comparing distinct Fe components
(extracted from Figure SM-12A and SM-13A); (iii) Correlation plot of the contribution spatial
distribution of two Fe'"'-(hydroxy)oxide components obtained from the 2 different paths of re-
mapping described in (i) and (ii). A mask (outlined in red) is defined to select points (i.e., pixels)
from the correlation plot for a second re-mapping of the contribution spatial distribution of the
Fe'!l-(hydroxy)oxide components. Points excluded in the masking process are not linearly and
simultaneously present in the two Fe'"'-(hydroxy)oxide component maps; (iv) and (v) Comparison
of the spatial distribution map of the Fe'''-(hydroxy)oxide component contribution plotted after a
second re-mapping using exclusively the points composing the second mask in (iii); (vi) The second
re-mapping of the contribution spatial distribution of the two Fe'"'-(hydroxy)oxide components are
compared using correlation plot to verify that all points are perfectly correlated.

The dashed purple line (iii and vi) indicates an ideal spatial distribution y=x, i.e. a slope of 1,

between the two re-mapping methods. Note: No false positive Fe'''-(hydroxy)oxide microsites
indicated by white arrows in the top left panel(s) were detected, so, this step is technically not
needed. However, when detecting redox microsites from natural samples, all steps have to be
properly and systematically respected. |
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