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Tables
Table S1. Comparison of total metal content based mole-specific activity among different catalysts in

the literature

Catalyst Temperature, H,/CO, ratio  Major product Activity, Ref.

°C mOlcoz : molMe‘l ‘h
1

Single-atom catalysts

Pt;-MoO,/Mo,N 200 69/23 CcoO 3667 1
Ru;/Ni/CeO, 225 4 CHy4 38.6 2
Ir/TiO, 300 1 CcoO 63.7 3
Pt,/CeO, 200 12.5 CcoO 895 4
Ni;/MgO 250 4 Cco 2.94E-02 5
Pt;/Ni/AL,O3 250 4 CHy4 2.66 6
Co,/SBA-15 200 1 CcoO 9.39E-02 7
Fe;-ox/h-BN 200 2 CO 44 this work
Fe NPs-based catalysts
CuFeO, 320 3 Olefins 5.21E-01
Fe,0;@KO, 375 3 Cy-Cy 3.81 9
Na- 320 2 Cs-Cyy 243 10
Fe;04/HZSM-5
Fe/C-Bio 320 3 C4-Cyg 2.92 11
Fep.45Cug45Ko1/ 300 4 Cy-Cy 5.80E-01 12
SAPO-34




Table S2. Sorption energy values of single Fe atoms on the pristine and defected #-BN surface

calculated via DFT
System Fe atom position Sorption energy, eV
Above B;Nj ring 4.47
o Above B atom 4.26
pristine ~#-BN
Above N atom 4.42
Above BN bond center 4.38
) Above vacancy -3.57
h-BN with B vacancy -
In vacancy site -1.92
Above vacancy 0.56
h-BN with N vacancy )
In vacancy site 4.25
Above O atom 2.16
Above B closest to O 2.33
h-BN with O substitution
Above B far from O 2.73
Above BO bond 2.12
h-BN with B vacancy and O Above vacancy -1.29
atom substitution 1 .
n vacancy site 0.24

Table S3. Sorption energy values of FePc molecules on the pristine and defected #-BN surface

calculated via DFT

System Fe atom of FePc molecule Sorption energy, eV
position

pristine 4-BN Above N atom -2.12

h-BN with B vacancy Above vacancy -3.22

h-BN with N vacancy Above vacancy -3.06

h-BN with O substitution Above O atom -4.18




Table S4. FePc adsorption parameters calculated using different models

Model Parameter Value
An 238
Langmuir b 4.26x107
R? 0.8696
Kr 66.4
Freundlich n 5.27
R? 0.3424
Kt 22.1
Temkin br 20.8
R? 0.4828
Figures

Figure S1. HRTEM (a, b, ¢) and FFT (d, e, f, g) images of FePc/h-BN (a, d), Fe;-ox/A-BN (b, ¢), and
Fe,-red/h-BN (c, f, g) samples. FFT image (g) was obtained from area inside orange circle shown in

(©).



Figure S2. HRTEM (a, b) and FFT (c, d) images of Fe,-ox/A-BN (a, ¢) and Fe;-red/A-BN (b, d) samples
after catalytic experiment. FFT images were obtained from area inside orange circles of corresponding

HRTEM images.
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Figure S3. EXAFS spectra fitting (a, c, e, g) using the corresponding structures (b, d, f, h) for FePc/A-

BN sample: FePc over 4-BN (b), FePc over O substitution (d), FePc over N vacancy (f), and crystalline

FePc (h).
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Figure S4. EXAFS spectra fitting (a, c, e, g, 1, k) using the corresponding structures (b, d, f, h, j, 1) for

Fe,-ox/h-BN sample: Fe above N vacancy (b), Fe above B vacancy (d), Fe above BO bond near O
substitution (f), Fe above O substitution (h), Fe above BN ring (j), and crystalline FeO (1).
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Figure S5. EXAFS spectra fitting (a, c, e, g, 1, k, m) using the corresponding structures (b, d, f, h, j, 1, n)

for Fe;-red/h-BN sample: Fe above N vacancy (b), Fe above B vacancy (d), Fe above B near O

substitution (f), Fe above BO bond near O substitution (h), Fe above N (j), Fe above BN ring (1), and

crystalline FeO (n).
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Figure S6. FePc on /#-BN adsorption isotherms fitting results using Langmuir (a), Freundlich (b), and

o
o
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Figure S7. Particle size distribution for Fe,-red/A-BN sample. The histogram was obtained by analysis
of 100 HAADF STEM and HRTEM images with total area of 460x460 nm?

DFT calculation details
In order to investigate the coordination environment of single Fe atoms and FePc molecules on /#-BN,

O-doped A#-BN and #-BN with N and B vacancies, the adsorption energies were calculated within DFT

as:

Eoas=Emp v+ aaEmi—Eaa
where EmL+ad is the total energy of the system with the adsorbent (single Fe atom or FePc molecule),
E

ML is the energy of the adsorbent monolayer (pristine or #-BN with defects), and Eaa is the energy of
adsorbed species — the calculated chemical potential of Fe atom in BCC Fe crystal, or the energy of an

1solated FePc molecule.



The calculated sorption energy of an individual FePc molecule on pristine #-BN is -2.12 eV. In the case
of sorption over a vacancy site, the energy is -3.06 and -3.22 eV for nitrogen and boron
monovacancies, respectively, and in the case of oxygen-substituted nitrogen, the adsorption energy is
maximum and equal to -4.18 eV, which indicates that the molecule would preferably be anchored over
the oxygen atom on the #-BN surface.

The calculated adsorption energy of a single Fe atom (FeSA) on the pristine 4#-BN surface is 4.26 eV.
In the case of sorption of a FeSA over a defect site, the adsorption energy becomes more negative. One
of the most common defects in the 4-BN structure is monovacancy. In the case of B and N
monovacancies, the adsorption energies are -3.57 eV and 0.56 eV, respectively. In both cases, the most
energetically favorable position corresponds to the sorption of FeSA above a monovacancy. Another
possible defect type is the oxygen-substituted nitrogen in the 4-BN structure 3, which can also take
place in our system due to heat treatment in an oxygen atmosphere. For this case, we considered the /-
BN monolayer, in which one nitrogen atom is replaced by an oxygen atom, as well as 2-BN monoloyer
with B vacancy with one nitrogen atom replaced by an oxygen atom. It was found that the most
energetically favorable site for sorption of a FeSA is the position above the B vacancy with O-
substituted N, with the Fads equal to -1.29 eV. Thus, the most preferable anchoring position for FeSA is
determined by the following sequence: B vacancy in #-BN < B vacancy with O substituted N atom in
h-BN < pristine #-BN, with corresponding sorption energies of -3.57 < -1.29 < 4.26 eV, respectively.
Positive values of sorption energies indicate the thermodynamic advantage of iron cluster
agglomeration compared to the existence of FeSA on the 4#-BN surface, which means that these atoms

can freely diffuse over the sorbent surface, for example, upon heating.

Comparison of different FePc adsorption models

FePc was deposited onto #-BN surface via adsorption from DMF solution in this work. The
process of adsorption was studied in more detail by constructing adsorption isotherm at 22+2°C. The
amount of FePc adsorbed on #-BN was obtained by measurement of Fe content using ICP AES. The
equilibrium FePc concentration in the DMF solution was calculated as difference between initial FePc
concentration and the amount of adsorbed compound. The adsorption isotherms were compared to
Langmuir, Freundlich and Temkin adsorption models. The following equations were used for
Langmuir ':

1

A_-b

m

CE
=—+
Am

[0

Freundlich 4
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In(A) = In(Kp) + %ln(C )

and Temkin '* models:

A= Kypln(by) + Kpln(C,)

As can be seen from Fig. S6 and Table S4, the data is best approximated by Langmuir equation
with highest coefficient of determination (R?).

Estimation of the mean distance Fe single atoms move to form iron oxide
nanoparticle

In order to estimate the mean distance Fe atoms can travel on the surface of #-BN during H, heat
treatment to form 3 nm FeO particle, as in Fig. 5c, we firstly calculated number of Fe atoms needed to
form the particle. Using the assumption that the particle is semi-spherical, the number of atoms can be
calculated using the equations:
Preo” Vreo Na

Npe=Npoo= M
FeO

where preo — density of FeO, g/cm3; Vi.o — volume of semi-spherical particle; Ny — Avogadro
number; Mgo — FeO molar mass; r — radius of semi-spherical particle.

In this way we calculated that 135 Fe atoms is needed to form semi-spherical FeO particle 3 nm
in diameter.

In the next step we assumed that 135 Fe atoms are uniformly distributed on the surface of #-BN,
forming 2D square lattice, with surface density of 13 atoms / 100 nm?, as was estimated from HAADF
STEM images of Fe;-ox/h-BN sample. The distance between adjacent Fe atoms can be calculated using

the equation:

1
a= la

N
Average distance Fe atoms move to form particle was estimated as an average distance from each
Fe atom of the square lattice to the center atom of the lattice. The distances were calculated numerically

using following code, written in Python programming language (see illustration to the code below):

import numpy as np
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def calculate average distance(N:int, a:float) -> float:
Calculate average distance between central atom with coordinate (0,0) and
N-1 atoms with coordinates (x,y) forming 2D square lattice with distance between
adjacent atoms equal to a.

def measure dist(x:int, y:int) -> float:
mwmn
Calculate distance between atom with coordinate (x,y) and central atom
with coordinate (0,0)

d =a * np.sqrt(x**2 + y**2)

return d
distances = [] # list of distances between atoms with central atom
ct = 1 # conter which counts how much atoms were encountered so far

while True:
sq = 1 # calculate distances from atoms in the first square around the
central atom
# take each atom with coordinate (x,y), where -sq >= x,y >= sq
# calculate distance from the atom to the central atom with coordinate
(0,0) and append the result to the list of distances
# 1f there are N atoms in the 1list, calculate and return mean distance
y = s9
for x in range(-sq, sg+l, 1):
d = measure dist(x, y)
distances.append (d)
ct += 1
if ct == N:
d av = np.mean(distances)
return float(d av)
X = sq
for y in range(-sqgq, sg+l, 1):
if y !'= sqg:
d = measure dist(x, y)
distances.append (d)
ct += 1
if ct == N:
d av = np.mean(distances)

return float (d av)

12



for x in range(-sq, sg+l, 1):
if x !'= sqg:
d = measure dist(x, y)
ct += 1
if ct == N:
d av = np.mean(distances)
return float (d _av)
X = -sqg
for y in range(-sq, sg+l, 1):
if y !'= -sqg and y != sqg:
d = measure dist(x, y)
ct += 1
if ct == N:
d av = np.mean(distances)
return float(d av)

sq += 1 # proceed to the next square around the central atom

if name == ' main_ ':
d = calculate average distance (135, np.sqrt(100/13)) # calculate average
distance for 2D square lattice of 135 atoms with distance between adjacent atoms
equal to square root of 100/13 (reciprocal of surface density)

print (f'average distance = {d} nm')

2nd
e2nd square o

[lustration of 2D square lattice with 25 atoms and main parameters used by the program to calculate

average distance to the central atom.
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