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1. Chemicals

Aluminium nitrate nonahydrate (A{(N03)3 - 9120 ACs reagent, 298%), ethanol (EtOH, puriss. p.a., absolute, 299.8% (GC)),
ferric nitrate nonahydrate (Fe(N03)3 9,0 ACS reagent, 298%), nickel acetate tetrahydrate (Vi(A€0)2 * 4H20 byrimp.a.,
>99.0% (KT)), nickel nitrate hexahydrate (Vi(N03)2 " 6H20 yriss p.a., 298.5% (KT)), urea (PC(NH2)2. ACS reagent, 99.0-

100.5%), triethanolamine (N(CH2CH20H)3 599 0%, (GC)), trisodium citrate dihydrate (V43C6Hs07 2H20 meets Usp
testing specifications), sodium hydroxide (N@OH | reagent grade, 298%, pellets (anhydrous)), and zinc nitrate hexahydrate (
Zn(NO3), - 6H20, purum p.a., crystallized, 299.0% (KT)) were purchased from Sigma-Aldrich and used without further
purification. Unless otherwise specified, we used as solvent deionized water previously degassed by boiling it for 20 min

under A7 bubbling (Air Liquide), to avoid atmospheric 0, contamination.



2. Synthesis of citrate-intercalated LDHs

Table S1 reports the procedures that we optimized for the synthesis of citrate intercalated LDHs by hydrolytic
polymerization. Different synthetic conditions are required for the synthesis of pure ZnAl-LDH, as displayed in Figure S2b.
As discussed in the main article the ZnAl system has a different hydrolytic behaviour compared to the Ni-based ones. The

synthesis of ZnFe-LDH is not reported since is not possible from Fe** precursors’.

Table S1. Synthetic details of citrate-intercalated NiAl-, NiFe- and ZnAl-LDHs.

Step

NiAl- or NiFe-LDH

ZnAl-LDH

1)

2)

3)

4)

5)

0.4 mmol of ANO3)3-9H;0 (jo 1500 mg) or

Fe(NO3); - 9H,0 (i.e., 161.6 mg) are dissolved into
160 mL of water alongside 1.2 mmol of
Ni(Ac0); - 4H30 (j o 298.6 mg) in a 250 mL glass
bottle.

1.6 mmol of N@sCel1507 - 2H30 (j o 470.6 mg) are
dissolved into 4 mL of water and then added to the
solution prepared in step 1) under vigorous
stirring. The bottle is sealed and heated on a hot
plate set at 80°C under stirring. After one hour, the
bottle is let to cool down to ambient temperature.

30 mL of a NaOH 0.1 M solution is added dropwise
to the step 2) solution under vigorous stirring.

The step 3) solution is transferred into a three-
neck 250 mL round flask and heated to 90°C by
using a heating mantle. The temperature is
measured by placing a thermometer in direct
contact with the solution. The flask is connected
to a bubble condenser to avoid water evaporation
and the whole apparatus is kept filled with A7 to

avoid atmospheric 02 contamination.

After three days, the product of step 4) is collected
by centrifugation at 3000 relative centrifugal force
and washed three times with 10 mL of water.

6 mmol of AlNO3);-9H,0 (ie., 2.25 g) are
dissolved into 160 mL of water alongside 12 mmol

of Zn(N03), - 6H,0 (j o 357 g)in a 250 mL glass
bottle.

18 mmol of NasCeHs07 - 2H0 (jo 529 g) are
dissolved into 10 mL of water and then added to
the solution prepared in step 1) under vigorous
stirring. The bottle is sealed and heated on a hot
plate set at 80°C under stirring. After one hour, the
bottle is let to cool down to ambient temperature.

34 mL of a NaOH 1 M solution is added dropwise
to the step 2) solution under vigorous stirring.

The step 3) solution is transferred into a three-
neck 250 mL round flask and heated to 60°C by
using a heating mantle. The temperature is
measured by placing a thermometer in direct
contact with the solution. The flask is connected
to a bubble condenser to avoid water evaporation
and the whole apparatus is kept filled with A7 to

avoid atmospheric 02 contamination.

After three days, the product of step 4) is collected
by centrifugation at 3000 relative centrifugal force
and washed three times with 10 mL of water.

Citrate-intercalated LDHs are stored as powders obtained by freeze-drying the precipitates from step 5) at -50°C for two days.

The freeze-dried LDH powders should be handled with care since the risk to inhale them is real. We always handled LDH powders under fume hood
while wearing FFP2 face masks. Then, all surfaces that may be exposed to LDH powders are cleaned with water.

The synthesis of LDHs with different metal ratio is achieved by changing the molar ration of metal precursors in Step 1, but
by keeping the overall metal concentration unaltered.

We also synthetized carbonate-intercalated NiFe-LDH as a reference material by homogeneous precipitation from a solution
containing both metal nitrate salts, triethanolamine and urea, following the same procedure described in literature by S.

Jaskaniec et al.2. Briefly 1.2 mmol of Ni(NO3), - 61,0 (349 mg), 0.4 mmol of Fe(NO3)5 - 9H,0 (161.6 mg) and 2.8 mmol of
urea (168.2 mg) are dissolved in water up to a volume of 160 ml. The solution is transferred to a glass bottle and 1.6 mmol
of triethanolamine (212.4 pL) are added dropwise under vigorous stirring, then the bottle is sealed and left under stirring for
24h at ambient temperature. Subsequently, as described by Jaskaniec et al. 2, a ferrihydrite (FeOOH ' XHZO) suspension
forms. This suspension is transferred in a 250 ml round flask and heated at 100°C under reflux for 48h. Degassing water is
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not necessary for this synthesis. The obtained product, carbonate-intercalated NiFe-LDH, was then isolated by
centrifugation at 3000 relative centrifugal force and washed three times by replacing the supernatant with 10 mL of water.



3. Composition

Metal ratios in LDH materials were analysed by X-ray fluorescence (XRF) with a Bruker M4 TORNADO Micro X-ray
Fluorescence. The samples for XRF analysis were prepared by compressing the LDH powder into a pellet with 4 mm
diameter and ~1 mm thickness. The atomic metal percentage (% At.) values are the result of the average on three different
sampling points, see Table S2.

Table S2. Atomic percent composition (% At.) of citrate intercalated LDHSs.

Sample M2+ (% At.) M3 (% At.)
NiAI-LDH 85.71 14.221
NiFe-LDH 73.50 26.50
ZnAl-LDH 84.86 15.14

@l A 0.07% At. contamination by Fe has been detected. This contamination probably originates from the usage of technical-grade reagents.



4. Morphology and crystal structure

Transmission electron spectroscopy (TEM) images were acquired with a JOEL JEM-1011 - 100 kV TEM (W filament
thermionic source). High resolution TEM (HRTEM) images were acquired with a JOEL JEM-2100plus - 200 kV HRTEM.
The samples for the TEM and HRTEM measurements were prepared by drop casting 5 uL of diluted LDH dispersions in
ethanol (~1 pg/mL) onto ultrathin C-on-holey Cu grids (TED PELLA Inc.).

Scanning electron microscope (SEM) images where acquired with Zeiss Evo 40 (Carl Zeiss SMT Ltd, Cambridge, England).

a) b) "

Figure S1. Transmission electron microscopy images of a) citrate-intercalated NiAl-LDH nanosheets and b) citrate-intercalated ZnAl-LDH nanosheets c)
HRTEM image of NiFe-LDH aggregates.

X-ray diffraction (XRD) measurements were acquired with a Malvern PANalytical Empyrean X-ray diffractometer operating
at 1.8 kW with a Cu Ka X-ray tube. We intentionally did not perform any data treatment on the XRD patterns (i.e., background
subtraction, smoothing) to avoid the accidental creation of artifacts. The unit cell @ and ¢ axis reported in Table 1 in the main
article have been estimated from the scattering angle (26) position of reflections in the LDHs diffraction pattern as follows
for a lattice of the hexagonal crystal family (@ =b # ¢, a = =90° y =120°):

1

#(S1)
(h* + k* + hi)a** + 1*c*?

Ay =

Where @¢” and ¢ are the reciprocal lattice dimensions, which are defined as:

*
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AR

2
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While e are the lattice parameters calculated according to Bragg’s law as follows:
2dysin (6) = n)lxrays #(S53)

Then, unit cell axes are calculated by the following relationships:

a=2-d#(54)



For a straightforward comparison, our results are reported alongside other citrate intercalated LDHs and LDH minerals in

n

1
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Figure S2. Powder X-ray diffraction patterns of citrate intercalated LDHs with variable metal ratio.
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41.

Comparative table of crystallographic parameters

Table S3. Crystallographic parameters of natural and synthetic LDHs.

Synthetic LDHs

M2+ M3+ Ar- Basal spacing a-axis c-axis Reference
(nm) (nm) (nm)

Ni Al Citrate 1.223 0.3019 3.669 This work
Ni Fe Citrate 1.227 0.3053 3.680 This work
Zn Al Citrate 1.222 0.3056 3.665 This work
Ni Fe Carbonate 0.770 n.a. n.a. £

Ni Fe Carbonate 0.784 n.a. n.a. 8

Ni Fe Citrate 1.22 n.a. n.a. 3

Mg Al Citrate 1.20 n.a. n.a. 4

Mg Al Citrate 1.18 n.a. n.a. s

Ni Al Citrate 1.17 n.a. n.a. 5

Zn Al Citrate 1.23 n.a. n.a. 2

Zn Al Citrate 1.22 n.a. n.a. 6

Zn Al Nitrate 0.89 0.308 n.a. i

Ni Al Carbonate 0.7513 0.3023 2.2538 7

Ni Fe Carbonate 0.7481 0.3070 2.2443 4

Ni Fe Carbonate 0.7596 0.3080 2.2789 7

Ni Al Nitrate 0.860 0.300 2.58 5

Ni Fe Nitrate 0.794 0.307 2.382 8

Ni Fe Adipate 1.308 0.307 3.925 E

Ni Fe Sebacate 1.539 0.307 4.617 8

LDH mineralsa
Mineral name: composition Basal spacing a-axis c-axis Reference
(nm) (nm) (nm)

Hydrotalcite: M96Al2(0H)14C05 - 4H,0 n.a. 0.3065  2.307 9
Takovite: NicAl,(0H),,C05 - 4H,0 n.a. 0.30250 2.2595 9
Reevesite: NVisFe2(0H)16C0; - 4H;0 n.a. 0.3082 22770 |°
Zaccagnaite: £M4Al(0H) 1,005 - 4H,0 n.a. 0.30662 2.26164 |°

@ All LDH minerals are referred to 3R polymorphs. Despite for 3R LDH polymorphs the unit cell ¢ axis and the basal plane are in a 3:1 relationship,
we decided to only include what is actually reported in referenced works.
n.a. = not available.



5. Potentiometric titrations

Potentiometric titrations were carried out in our custom setup under continuous argon flow. Titrations are carried out in 150
ml RDE/RRDE jacketed cell (Pine Research Instrumentation, Inc.). The temperature is controlled at 25.0+0.1 °C with a
MAGIO MS-1000F thermo-cryostat (JULABO Italia S.r.l.) connected to the jacket of the titration cell. pH measurements
were sampled every 15 s with a pH-meter XS pH 8 PRO (GIORGIO BROMAC S.r.l.), sent to the interfaced PC via USB and
recorded by the pH-meter own software. The pH-meter is equipped with an XS Sensor Polymer HA PRO (GIORGIO
BROMAC S.r.l.) for pH measurement and an NT 55 thermometer (GIORGIO BROMAC S.r.l.) for automatic temperature
compensation. Titrant solutions were prepared in volumetric flasks (Scharlab Italia S.r.l.) and injected by a NE-4000 Double
Syringe Pump (KF Technology) equipped with one 19.95 mm diameter syringe. The titrant flow rate is set to 10.00 ml/h.
Before measurements the pH-meter is calibrated with a 4.01/7.00/10.01 pH buffer calibration set (GIORGIO BROMAC
S.r.l.). The differential titration profiles are computed from digitalized titration data with MATLAB R2021b software using a
five-points lowess smoothing algorithm as noise filtering function.

The speciation diagrams are computed with HySS software'? in the desired pH range starting from literature data. In details,
HySS calculates the concentration of the free reagents by solving the mass-balance equation considering the stoichiometric
coefficients of the species, their concentration, and the equilibria in the system. The corresponding equilibrium constants
were critically selected from NIST database'! and relevant papers'?-'8. Generally, an average value is considered when
multiple data is available for the same complex, whereas sometimes the data able to give the better match with experiment
was selected. Often the metal-ligand constants (108 8) reported in the literature needs a rearrangement to meet the
requirements of the authors with Hyss software language. For instance, in this work citrate is considered as a tetrabasic
ligand, hence 108 B referring to citrate as tribasic ligand were corrected as follows:

log ﬁtetrabasic = log ﬁtn’basic +n- pKa4'#(S6)

Since the deprotonation of the fourth proton of citrate has a pKa,_ 14.419, (56) becomes:
log 'Btetmbasic =log :Btribasic +n-14.4#(57)

where "t is the number of citrate ligands involved in the complex. A further 108 B correction is also required by HySS software
whenever hydroxide ions are involved in complexes or solid phases. The 108 B of hydroxide complexes is modified according
to the following equation:

log ﬁHySS = log 'Bliterature - n' ’ pKw,#(S8)

where 1’ is the number of hydroxide groups involved in the complex and PK,, is the self-dissociation constant of water, i.e.,
14.00. Whereas for solid hydroxide phases:

log BHySS == szp + n - pKWa#(Sg)
where 1" is the number of hydroxides in the solid stoichiometry.

Here a demonstration of (S6) is provided. We define L” asa generic a-hydroxycarboxylate ligand without considering its
hydroxyl group deprotonation. However, such a ligand can form a complex with a metal cation M by deprotonation of its
hydroxyl group, as follows:

M +nL*=2M(H_,L"), +nH#(S10)
with a metal-ligand stability constant expressed as:

_m(_ ) Jor
[M][L*]n

#(S11)

We also define as L the same a-hydroxycarboxylate, but with the hydroxyl group deprotonated. Its related complex formation
equilibrium with M is defined as follows:

M +nL=ML_#(S12)



with a metal-ligand stability constant expressed as:

[ML,]
B= #(513)
[M][L]"

(H oL =1

Now, by considering tha and L’ = HL the dissociation constant of the hydroxyl group can be defined as:

[H_oLJUH] _ qrya)
[L*] [HL]

Kayy = #(514)

By algebraic substitution of (514) into (S11) it follows that:

[MLn] s
"= - (Kagy)" #(S1
P e (o) ET

which according to (513) corresponds to:
B =P (KaOH)"#(516)
that in logarithmic form yields:

logB=logB" +n-pKay,#(S17)
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Table S4. Stability constants (108 B) of complexes and solid phases considered for HySS simulations. Ligands considered: hydroxide (H -1), citrate (

CSH407), acetate (CZH302).

Ligand Species log B References Ligand Species log B :eferenc

L=H_1+  HL (e, H0) a3z WSS L=CsH,0,  HL 14.40 1
AlL -5.53 1 HyL 20.80 1°
AlL, -11.30 " H3L 25.56 1
AlLg -13.50 " HyL 28.69 19
AlL, -23.58 1 AlHL 22.34
ALL, 777 " AlH,L, 41.56
AlL, -14.14 AlH,L 2467
AlysLs, -110.42 AlH3L, 46.16 18
Fel -3.03 ALL, 4149 1
FeL, 371 M Al L:H 4 57.83 11
FeLs -11.80 Al3HL, 3229 1
FelL (s, 1 11

9.40 Fel 22.60

amorphous)
Fel, 2160 " FeHL 25.40 117
Fe,L, -3.32 " FeH,L 27.50 11
Fesl, -6.13 Fel, 32.74 12
NiL -10.06 .13 FeHL, 38.75 12
NiL, -19.50 114 FeH,L, 43.59 12
Nil, (s, alpha) 13.60 FeyL, 50.00 1
Nil; (s, alpha) 12.90 ™ Fesls 73.80 12
Nil; (s, peta) 10.80 1 NiHL 19.85 1113
NiLg -29.85 .15 NiH,L 2418 M
NiL, 47.00 13 NiH,L 27.31 1113
Ni,L, -28.32 1113 NiH,L, 37.45 113
ZnlL 923 " NiH;L, 43.08 118
Znl, -16.35 " Ni,L, 2466 "
Znly(s, epsilon) 11.90 Ni,LsH _, 2210 16
ZnLg -28.40 1 ZnHL 19.13 ™
Znl, -40.90 " ZnH,L 22.80 202
Zn,L -8.77 M ZnH;L 15.60
Tl 281 1 ZnyLyxx 2595 20

L=CHi0, HL 460 1 ZnH,L, 3533
NilL 091 ™
NilL 1.58 ™

* In the HySS software the hydroxide ion is referred to as H_,

s ZnyHoLo(H - 1)2. Due to software limitations, HySS cannot distinguish deprotonated alcoholic groups of citrates from coordinated OH.
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6. Electronic spectroscopy (UV-Vis-NIR)

Ultraviolet-visible light absorbance spectra were acquired at ambient temperature with a Cary 5000 spectrophotometer from
Agilent operating in double beam, baseline-corrected, transmission mode, a wavelength step of 0.5 nm, slit resolution of
0.5 nm and 0.9 s acquisition time for each step. Samples were placed in 1 mL Suprasil® QS quartz cuvettes (Hellma
Analytics), setting the optical path to 4 mm. The UV lamp and NIR detector switches were set at 300 and 800 nm,
respectively. Solution samples were analysed as prepared, while the carbonate NiFe-LDH reference material was dispersed
in ethanol to a concentration of ~0.15 mg/mL before measurements (cf. ref. 3). Absorbance second derivative ultraviolet-
visible light spectra were computed with MATLAB R2021b software, using a three-points linear smoothing as noise
suppressing function, and applying 10 passes before each differentiation (as described in ref. 3). Ultraviolet, visible, and
near-infrared light reflectance spectra of citrate-intercalated NiAl- and NiFe-LDHs powders were acquired at ambient
temperature by equipping the Varian Cary 5000 spectrophotometer with its own integrating sphere accessory operating in
total reflectance mode. To acquire reflectance spectra, powder samples were dispersed in water and drop-casted onto
circular Suprasil® QX quartz slabs (Hellma Analytics) with 22 mm radius and 2 mm thickness, then they were dried on a hot
plate at 100°C. In the measurement setup the quartz slabs were placed on the inner surface of the integrating sphere with
a reflector behind them.

13



6.1.

Comparative table of electronic transitions

Table S5. Absorbance contribution in electronic spectra of natural and synthetic oxides and hydroxides containing Ni and Fe.

Nickel based LDHs

Transition wavelength (nm)

Sam ple V1 V2 V3 V4 Vs Ve V7 Vg Vo Ref.
G
NiFe-LDH 1120 750 665 448 420 386 oo 250 210 | This work
NiAI-LDH 1110 740 655 - 420 383 - - 210 This work
NiFe-LDH - 750 650 450 420 385 350 250 210 3
NiFe-LDH 1105 730 630 450 420 375 350 260 210 7
NiAI-LDH 1105 730 630 - 420 375 - - 210 7
NiAl-LDH - 730 630 - 420 375 - - - 22
Nickel based compounds
Transitions wavelength (nm)
Sam ple V1 V2 V3 Vs Vs Ve V7 Vg Vo Ref.
Ni:Pyrophyllite 1086 725 649 - 388 - - - 23
Exfoliated Vi{(OH); 1100 700! - 400! - - - =
Ni(0H),_,(CH;C00), | 1240 761 671 - 440 3870 - - - 25
BANi(OH), - 7158l - 420 384 - - 214 A
NiO - 7158 - 429 379 - - 295 26
BENi(OH), - 7050 - 423 381 - - 226 27
Iron based compounds
Transitions wavelength (nm)
Sam ple 1] V2 V3 V4 Vs Ve V7 Vs Vo Ref.
3+. 373l
Fe®T:Al,0, - - - 449 - 3920 308n 299 194 2
364 279
3+, - - - - [d] 28
Fe>":Mgo 460 398 30011 246l 216
> 374l
allFe,0, - - - 420 - - 31400 257 2234l | 28
Nontronite - - - 444 - 384 367 261 200 28
. 380
Hematite - - - 444 - 405 3190 270 - 29
, 365
Goethite - - - 435 - - 85 250 225091 | 29
, 370l
Maghemite - - - 435 - - 3151 250 - 29
: : 365
Lepidocrocite - - - 435 - - 30501 239 210t | 29

2l The authors reported the average value of v, and vs.
bl The authors reported the average value of vs and ve.

6,4 (60) 4 (4
l d-d (Fe3+) Alg( S)_) Eg( D) contribution to the absorbance.
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) 3 30\ 37 (3 6, (6c) 41 (4
el gd-d (Nl“) AZg( F)_) Tlg( P) contribution to the absorbance. M d-d (Fe3 +) Aly( 5)_’ le( P) contribution to the absorbance.

6 6c)_,4 4 B _¢B
dd-d (Fe3 +) Alg( S)_’ TZg( D) contribution to the absorbance. 9 The contribution to the absorbance of ‘2u~t2g LMCT transition is also
present.

6.2. Ligand field analysis

The energy, expressed in cm, of ligand field (224d) transitions (i.e., 7/) allows to calculate the ligand field splitting strength (

10Dq), the Racah B and € parameters. In the octahedral (°r) symmetry approximation, the equations describing the energy
of dBd transitions are the eigenvalues of Tanabe-Sugano matrices32.3!. Nevertheless, in the iron case, several readily usable
approximated equations are also available from literature2%:32, Ligand field analysis results are summarized in Table 5 in the
main article.

6.2.1. Nickel

The Ni** ion has an [Ar]4s°3d® glectronic configuration, resulting into five spin-orbit terms33. Two of these five terms are

3p 3p - . sip_ ' : i i
, Whereas the remaining three are singlets, namely -, and (cf. Diagram 1a in the main

triplets, namely ~ and

3 3
article). According to Hund’s rule?3, the spin-orbit term with the lowest energy is F. In the Oy ligand field, the F term is split

3 3 3 3 3 3

into the singly degenerate AZg( F) ground state, the triply degenerate TZy( F) state and the triply degenerate le( F)
B3

t29) ground configuration of electrons in
i a\3(,N\2(+B\2(,L\1

Ni?* ions’ 3d orbitals, whereas the other two terms are generated by the (tZQ) (eg) (tZg) (eg) exited configuration3%31,

P (625)(e5)"(¢4)'(<0)” ex iguration, whi |
The ° term represents the \"2g9/ \"g/ \"29) \"g/ exited configuration, which results from the promotion of two electrons

a\3(, a\2
state (Diagram 1a, violet lines). The former term represents the (tZg) (ey) (

B B 3 3 3
from the 29 to the € spin-orbitals3%:3'. In the Op ligand field, the P state only generates the triply degenerate Tlg( P) state

(Diagram 1a, cyan line). The 10Dq value of Ni** s straightforward from the energy of the first spin-allowed transition as
follows30.31,33;

V[*A,,(*F)=°T,,(°F)] = 10Dq #(512)
The Racah B parameter proceeds from the energy of the second and third spin-allowed transitions by resolving the following
equation respect to v 30.31
x 3 3 3 353 —
det [vl, - T(°A,,(°F)~°T 1, (°F,°P))] = 0 #(S13a)

_|3B+20Dg -V 6B

6B 12B + 1ODq—i;‘ = 0#(513b)

T(3A2—>3T1) 3T1

I

in which is the 2-by-2 matrix, representing transitions from the ground state to exited states with the
n represents an M-by-1 identity matrix (m = 2 in this case). The matrix in (513a) is built according to the

3T

symmetry term.

table of matrix elements of Coulomb interactions related to “1 states in d* electronic configurations3?’ (dw—n is

3 3
complementary to dn). Then, the energy difference compared to the AZg( F) ground state is subtracted from the diagonal
elements (cf. also section 6.3.3). By solving (513b) with respect to v the energy expressions describing the second and
third spin-allowed transitions are obtained303'.33, namely:

15
~13 3 3 3\ —
v[’4,,(°F)-°T,,(°F)] = — B +15Dq - o#(S14a)
and

%[3A2 g(3F)—>3T1 g(3p)] = 1753 + 15Dq + o ,#(S14b)

where

1
7= QJ(15B)2 + (10Dq)* - 180BDq -#(S14c)
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Analogously, the Racah € parameter proceeds from the energy of spin-forbidden transitions according to the following
equations30.31:

~ 3, BM\lp (Inl\]__ |9B+2C+20Dg-v  -23B | _
det [V, - T(*A,,(°F)~"E,('D,'G))] _—‘ 238 8B + 3C | = 0#(5150)

< o34 (3l (1-1c)\] __ |[18B+5C+20Dg-v \/6(2B+C) | _
det [vl, - T(*A,,(*F)="4,,('6,'s))] = | JB(2B+0) SR+ ac 3| = 0#(515b)

~ 0 (3 3 1 1n1 __|9B+2C+20Dq-V 2,/3B _
det [vl, - T(*4,,(*F)='T,,('D.'6))] = ‘ 238 85 + 2 1 100 7| = 0 #(5150)

. . . . 1 14 lr .

Here, (S15) equations yield the energies related to the energy of transitions to “, “1 and ' 2 states. The solutions of

(515) with respect to 7/, which are relevant to our case, are the ones having the negative sign before the square root term,
namely:

V[*4,,(°F)-"E,('D)] = 1778 +2C +10Dq - %JUB)Z + (20Dq)* + 40BDq #(516a)

. 9 1
v[’4,,(°F)="4,,('6)] = 17B + -C +10Dq —5\/(103)2 + (5€)% + (20Dq)* + 100BC + 80BDq + 40CDg#(S16b)

and

V[*A4,,(3F)='T,,('D)] = gB +2C+15Dq - %JUB)Z + (10Dq)? + 20BDq #(516¢)

Therefore, 10Dq was directly calculated from Y1 according to (512). Then B was calculated by combining (514) equations
as follows:

B=—"————#(517
I (517)

We point out that, for B and C calculations, we decided to use the average value of V23 instead of V2 or V3 due to spin-

orbit coupling (cf. the main text). We reached this decision since, without averaging V2 and V3 the values of C obtained from

(S16a) were not consistent with the C yielded by (S16b) and (S16¢). Our calculations yield 10Dq values of Ni’ * as 9,009
and 8,929 cm-" for NiAl- and NiFe-LDH, respectively, while Racah parameter B values are 892 and 887 cm-! for NiAl- and
NiFe-LDH, respectively. It follows that Dq/B ratios are 1.01 for both NiAl- and NiFe-LDHs. By comparison, A. Harvey et al.2

reported a 10D of exfoliated PENI(OH)2 of 9 100 cm- and a B value of 830 cm, resulting into a P4/B ratio of 1.10.
Eventually, we report that the values of C calculated according (516b) are 4,045 and 4,075 cm' for NiAl- and NiFe-LDH,
respectively. This corresponds to C/B ratios of 4.50 for the NiAI-LDH and 4.59 NiFe-LDH. The same C values calculated
according to (516a) resulted ~200 cm-' lower, while C calculated according (516¢) were ~200 cm" higher in comparison to
values reported above.

6.2.2. Iron

The Fe** ion has an [Ar]4503d5 electronic configuration, resulting into a total of 16 spin-orbit terms33. More precisely, 11

doublet terms, four quartet terms and one sextet term3. However, since we are limited only to high-spin electronic
6 4p 4p 4 4

configurations, the relevant spin-orbit terms to consider are only the sextet J term and the quartet P, D, F and G terms

6 6

(cf. Diagram 1b). According to Hund’s rule®3, the S term is the one with the lowest energy. In the O ligand field, the J

6 6

term generates the singly degenerate Alg( S) ground state (black line on the abscissae in Diagram 1b), which is
a\3( a\2 6 6

representative of the (tZg) (eg) ground configuration of electrons in Fe** 3d orbitals. Moreover, since in the Alg( S) state

all 29 and ©s orbitals are half full of electrons all of which are in a-states, all possible 424 transitions are spin-forbidden.

4 (4 —
The first two ¥ e’r excited states are the triply degenerate le( G) and TZg( G) states. They are representative of the
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(t“)3(e“)1(tﬂ)1 ) . . , L L e . :
2g9) \®g9) \"2g) configuration, which arises from the electron pairing of one electron originating from the “g spin-orbitals to
th oo £1628,29 . E (40) ‘EAT (4D) 4T (4P) . : . e
the “2g9 spin-orbitals?®2°. The five ~g , 2g and "1g ligand field states are representative of two “spin-flip
a2, a\2(, B\1 a3/, a\1(,8\1 4 4
configurations in the Fe’* ion?82° namely (tZy) (ey) (tZy) and (t29) (ey) (eg) , Whereas the Alg( G) arises from the spin

canting of €g orbitals with respect to t2g orbitals.

The energy of 424 transitions in high-spin Fe** ions (in NiFe-LDH) are determined as follows.

10B + 6C - 10Dq -V 3.2B -C
det [vI; - T(°4,~T,)] =- 3,28 19B+7C -V -32B = 0#(518a)
-C -3J2B  10B+6C+10Dq-v

18B + 6C - 10Dq -V - /6B ~4B-C
det [VI; - T(°4,~T,)] =- - /6B 13B+5C-v -\/6B = 0#(S18b)
-4B-C -\/6B 18B+6C+10Dq-V
13B+5C-v  -3.2B

det [vl, - T(°A,~"E)] =- ‘ 328 14B+5c-v| OF(5189)

4 4
Here (S18a) and (518b) yield the energies related to the energy of transitions to 11 and .2 states, respectively. For the
sake of simplicity, we do not explicit the solutions to (518a) and (S18b). The solutions to (S18¢) provide the energy of

4
transitions to © states, namely:

?/[6141 g(65)—>4Eg(4G)] =10B + 5C#(S19a)

v[°A,,(°S)~"E,(*D)] = 17B + 5C#(519b)

4 4
Transitions to Ay and 4, states are straightforward from their respective 1-by-1 matrices:
V[°A,,(°S)="4,,(*G)] = 10B + 5C#(S20a)
V[°A;,(°S)~*A,,(*F)] = 22B + 7C#(S20b)

According to our band assignments (cf. Table 4 in the main text), the Racah B and € parameters of Fe’™* can be obtained
from the energy of Y4 and V7 according to (519a) and (S19b), respectively. More in detail, our calculations yielded values of
Fe** Racah B and C parameters equal to 916 and 2,632 cm", respectively.

6.2.3. Computing Tanabe-Sugano diagrams with MATLAB

In this section, we describe the computing procedure of Tanabe-Sugano diagrams reported in the main text (Diagram 1).
To perform these computation tasks, we used our homebuilt MATLAB app which can compute Tanabe-Sugano diagrams

with custom values of (/B ratio®. Here we report the procedure specific to high-spin Fe’* as an example. However,
diagrams describing other transition-metal ions can be derived by following analogous procedures.

6.2.3.1 Computation of matrices and eigenvalues.

In MATLAB energy matrices are expressed symbolically. At first, symbolic elements B, € and o (AO = 10Dq) are defined by
the syms function. Then, matrices of Coulomb interactions are built from their respective tables of matrix elements®0-3!. The
matrices of Coulomb interactions are grouped into a cell arrays to vectorize computations. Here, the Coulomb interactions

4
matrix of © 1 states is brought as an example:

-25B+6C 3.2-B -C
A(*Ty)=| 3y2-B  -16B+7C -32-B |#(S21)
-C -3\2-B -25B+6C

17



Energy matrices describing ligand field states are computed by adding to each matrix of Coulomb interactions its

n_m
corresponding diagonal matrix of electronic configuration energies®'. More in detail, the energy term of a t2¢" electronic

configuration is defined as:

A
E= 1—8 - (6m - 4n) #(5220)

6-n_4-m
whereas the energy term of its complementary configuration, namely thae , is defined as:

A
E= 1—8 - (4n - 6m) #(522b)

n_m
In Fe’* case, the configurations energy terms are defined according to t2¢" electronic configurations reported in the header

4
lines of d° tables of matrix elements3:31. Here, the energy matrix is of T1 states is brought as an example:

A -25B+6C-4A, 32-B -C
E(*T,) = A(*T,) + — - diag(-10,0,10) = 32 B -16B + 7C -3\2-B | .#(523)
10 -C -3\2-B  -25B+6C+A4,

Tanabe-Sugano matrices are computed by subtracting the energy of the ground state from the diagonal elements of energy
. . : 3+ :
matrices. In the high-spin Fé” " case, the energy of the ground state is:

E(°A,) =- 35B #(524)

64 (6c)_4
Here, the matrix of Al( 5)% T} transitions is brought as an example:

10B+6C-A, 3.2-B -C
T(°A,~*Ty) =E(*T,) - E(°Ay) - I;=| 3\2-B 19B+7C  -3\2-B |#(525)
-C -3y2-B 10B+6C +A,

where Iy is the 3-by-3 identity matrix. The equation describing the energy of electronic transition are the eigenvalues of
Tanabe-Sugano matrices. For example:

V[°4,(°8)~"T4("6)]
eig(T(°A,~*Ty)) = [V[°4,(°S)~*T,(*P)] | #(s26)
V[°44(°5)=>"T4(*F)]

which is equivalent to solving (518a). The diagrams are obtained by computing the numerical values of all eigenvalues, at
a fixed B/C ratio, across an array of B0 values'.

6.2.3.2 Ligand field parameters computation from experimental data.

The procedure for computing Fe*™* ligand field parameters is reported in the example code below. To perform this task, at

least three non-degenerate electronic transitions are required. More in detail, in the high-spin Fe** case we used the energy
6 4\ 4, 44 6 4Q\_ 4 4 6 4G\ _ 4 (4

values of the Alg( 5)_> 4y E( G) transition, the Alg( 5)_) E( D) transition and the Alg( S)_’ Tl( P) transition, which fall

at 448, 348 and 338 nm, respectively. For the sake of clarity, in the code these energies are referred to as nul, nu2 and

nu3 variables (not to be confused with V1, Y2 and V3). The equations eq_4E(1,1), eq_4E(2,1) and eq_4T1(2,1) are
provided by our MATLAB app?4. Then, the ligand field parameters are obtained by solving a system of the three equations
representing the aforementioned energy transitions. In this case, two opposite solutions are returned, since eq_4T1(2,1)

is a 2" degree equation with respect to AO.

% Insert the energy in (cm~{-1}) of three non-degenerate electronic transitions.

“ MATLAB is able to algebraically compute eigenvalues up to the 4™ degree, while 5" degree or greater eigenvalues are expressed via the root(_)
function.
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nul = 1e7/448;
nu2 = 1e7/348;
nu3 = 1e7/338;

% Assign the energy of each transition with the corresponding equation exported from the app.
statel = eq_4E(1,1);
state2 = eq_4E(2,1);
state3 = eq_4T1(2,1);

% Define the free-ion Racah parameters.
BO = 1015;
Co = 4800;

% Build and solve a 3-by-3 system of equations.

eql = statel == nul; % 1st equation
eq2 = state2 == nu2; % 2nd equation
eq3 = state3 == nu3; % 3rd equation

eqns = [eql,eq2,eq3]; % System of equations
S = solve(eqns,[Delta_@ B C]); % Solve the system

% Store results into a table.

% Note: the system has two different solutions. Discard the one with negative Delta_@.
results = table;

results.Delta @ = double(S.Delta 0);

results.B = double(S.B);

results.C = double(S.C);

results.field = results.Delta_©./results.B;

results.gamma = results.C./results.B;

results.beta = results.B./BO;

results.betal = sqrt((results.B./B@)."2+(results.C./C0O)."2);
display(results) % Display the results.

results =

Delta_0 B Cc field gamma beta beta1
1 -7.0493e+03 916.3148 2.6317e+03 -7.6931 2.8720 0.9028 1.0562
2 7.0493e+03 916.3148 2.6317e+03 7.6931 2.8720 0.9028 1.0562
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