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Abstract

Single-atom catalysts represent an intense topic of research due to their interesting catalytic
properties for a wide range of reactions. Clarifying the nature of the active sites of single-atom
catalysts under realistic working conditions is of paramount importance for the design of
performant materials. We have prepared an Ir single-atoms catalyst supported on a nitrogen-rich
carbon substrate that proven a substantial activity toward hydrogenation of butadiene with
nearly 100% selectivity to butenes even at full conversion. We evidence here, by quantitative
operando X-ray absorption spectroscopy, that the initial Ir single atoms are coordinated with four
light atoms i.e., Ir-X4 (X = C/N/O) with an oxidation state of +3.2. During the pre-treatment under
hydrogen flow at 250 °C the Ir atoms loses one neighbour (possibly oxygen) and partially reduces
to an oxidation state around +2.0. We clearly demonstrate that Ir-X3 (X = C/N/O) are the active
species with very good stability under reactive conditions. Moreover, Ir single atoms remain

isolated under reducing atmosphere at a temperature as high as 400 °C.

Keywords: Ir-single atom catalyst, operando XAS, butadiene partial hydrogenation, EXAFS,
XANES



1. Introduction

Heterogeneous catalysis is the most important industrial process for producing large-scale
chemicals and energy products nowadays. However, the design of catalysts with high efficiency,
selectivity and stability remains a major challenge.? Recently, single-atom catalysts (SACs), which
contain isolated atoms dispersed on a support, have gained considerable attention due to their
maximized atomic utilization and unique electronic properties.3® Because of the changes in the
active-site structure in comparison with metal nanoparticles or nanoclusters, SACs are expected
to have distinct behaviours in catalysis, such as high selectivity and stability.>"!! Since the first
practical report of SACs (Pt/FeO) by Qiao et al*? in 2011, significant progress has been made in
this field.'31® SACs have shown superior catalytic performance (activity and/or selectivity) for
several industrial relevant reactions.’-1°

Selective hydrogenation reactions play a key role in the field of sustainable chemistry. The
over-hydrogenation of the desired product remains a major issue for these reactions.?® Among
them, refining of C4 cuts from steam cracking by catalytic selective hydrogenation is an important
industrial process. Butene products, 1-butene and 2-butenes, are intermediates used in industry
for polymerization and alkylation processes, respectively.?:=23 The presence of 1,3-butadiene (0.3%
to 6%) in Cs species is considered as a poison which causes unwanted side reactions and
deactivates the catalysts.?* Commonly, catalysts based on Pd and Pt are widely used due to their
high activity?>=2° but their selectivity to butene is limited at high butadiene conversion.*°

Over the last few years, researchers have reported the selective hydrogenation of 1,3-
butadiene on SACs which showed promising catalytic performance. For example, Lucci et al.3!
reported that low concentration Pt single atoms supported on a Cu surface showed 90%
selectivity to butenes at full conversion and the catalyst remained stable over 2 days at 160 °C.
Through a DFT study, Lv et al.32 showed that Pt single atoms adsorbed on Cu surface [Pt1/Cu(1 1
1)] has a higher selectivity toward 1-butene than a clustered Pt-content catalyst [Pta-ine/Cu(1 1
1)]. Yan et al.3®* compared an atomically dispersed Pdi/graphene catalyst with 3 different Pd
carbon-supported nanocatalysts. The SAC showed a high activity by retaining 100% butenes
selectivity up to 95 % conversion while the selectivity of Pd nanocatalysts dropped sharply at high

1,3-butadiene conversion. Furthermore, Zhang et al.3* found that a very low concentration (0.08



wt.%) of isolated Au3* on a ZrO; support is highly selective in the hydrogenation of 1,3-butadiene
to butene isomers. However, Ir single atom catalysts have never been reported for this reaction.

A fine description of the active species of single-atom catalysts and their local and electronic
structures are very scarcely identified, whatever the reaction targeted. Only very recently, Fang
et al.> proposed the evolution of Pt single-atoms into a near-free state as active species in the
electrocatalytic hydrogen evolution reaction. They revealed that during the reaction, the single
Pt atom tends to dynamically release from the nitrogen-carbon substrate, with the structure less
coordinated to the support and the electronic properties close to zero valence.

In this work, we report the synthesis and characterization of Ir single-atoms dispersed on a
nitrogen-rich carbon substrate and their catalytic activity for the partial hydrogenation of
butadiene. To reveal the active species of the Ir SAC and their local and electronic structures under
working conditions, we have carried out operando XAS experiments. For the sake of comparison,

Ir nanocatalysts have been also investigated under the same conditions.

2. Experimental methods
2.1. Catalyst preparation

We have prepared Ir single-atom catalyst (Ir-SAC) supported on a nitrogen-doped carbon
starting from a commercial porous activated carbon (AC with a specific surface area of 1400 m?/g
purchased from STREM Chemicals) as initial substrate. The initial AC contains small amount of
impurities, mainly aluminosilicates, that are noticeable in the XRD patterns as sharp peaks. The
Ir-SAC was prepared by a cascade anchoring strategy adapted from Zhao et al.?® The Ir atoms
were dispersed on a activated carbon in a nitrogen-rich carbonaceous medium by the liquid
impregnation of the pristine AC with IrClz-xH20 precursor in aqueous solution in the presence of
a chelating agent (ethylenediaminetetraacetic acid: EDTA) and a source of nitrogen (melamine)
followed by pyrolysis under Ar flow at 800 °C.

For the sake of comparison, we have prepared Ir nanocatalysts (Ir-NC) in the form of well
dispersed nanoparticles by a simple method based on the liquid-phase impregnation of the same
AC support with the IrClz-xH20 precursor in aqueous solution, followed by reduction under

5%H>/Ar flow at 800 °C, as described earlier.3’



Synthesis of Ir-SAC

First, 400 mg of EDTA (Sigma-Aldrich), used here as chelating agent, was dispersed in 10 mL
distilled water and NHs-H,O was added to adjust the solution p-H to dissolve the EDTA. Then,
0.0213 mmol of IrCl3:xH,0 (Alfa Aesar) and 200 mg of AC were added to the solution and the
mixture was stirred and evaporated at 60 °C. The metal ions are thus chelated by EDTA then
anchored onto the carbon support by solvent evaporation. Moreover, the excessive chelating
agent bound to the support surface will physically isolate the metal complex. The recovered solid
was dried at 70 °C overnight. During the second step, the dried carbon-based powder was hand
ground with 1000 mg of melamine (Sigma-Aldrich), as a nitrogen source for the subsequent step.
The final stage of the synthesis consists in the pyrolysis of the obtained mixture at 800 °C under
Ar flow for 2 h in a furnace (ramp 3 °C/min, 200 mL/min). During this step, the chelated metal
complex can react with carbon nitrogen species CNx (such as CsNs etc.) decomposed from
melamine at high temperature (> 600 °C) and subsequently metal-Nx moieties are formed, thus
preventing metal atoms from aggregation. The Ir single atoms are finally anchored in a nitrogen-
rich carbon substrate. The as-prepared Ir-SAC powder was recovered and used without any
further treatment.

The elemental analysis of the Ir-SAC sample was determined by ICP-OES and CHNS techniques.
The metal amount is 1.0 wt.% for Ir-SAC, while N concentration reaches 14.1 wt.% after the
synthesis which is higher than 0.5 wt.% found in the initial AC. Additional results from the

elemental analysis of the as-prepared samples are shown in table SI1.

Synthesis of Ir-NC

For the Ir nanocatalyst preparation, 300 mg of AC and 0.065 mmol of IrCl3:xH,0 were
dispersed in 10 mL distilled water and the solution was stirred and evaporated at 60 °C. The
mixture was then dried at 70 °C overnight. The dried powder was reduced under 5% Hy/Ar (0.5
L/min) at 800 °C for 2 h. The as-prepared powder material was further used without any

treatment. The metal amount is 3.7 wt.% for Ir-NC, as determined by ICP-OES.



2.2. Physicochemical characterizations

The structural properties of the samples were characterized by powder X-ray diffraction (XRD)
using a D8 Advance Bruker diffractometer (Cu Kq radiation A = 1.5406 A, Bragg-Brentano
geometry).

The samples were characterized by Transmission Electron Microscopy (TEM) with a 200 kV
FEG microscope (FEI Tecnai F20 equipped with a Gatan Energy Imaging Filter, resolution 0.24 nm).
A small amount of sample was ultrasonicated in ethanol solvent, then small drops of suspension
were placed on carbon grids. The Ir nanoparticles size distribution and the average size were
determined by statistical analyses of several TEM images.

The Ir-SAC specimen was analysed by high-angle annular dark-field imaging in scanning
transmission electron microscopy (HAADF-STEM) using a probe corrected JEOL 2100F electron
microscope operating at 200 kV. This imaging technique was used to characterize the as-prepared
Ir-SAC sample as well as to assess the single atoms stability against coalescence after treatment
at high temperature. The thermal treatments were carried out by heating the sample at 250 °C
and 400 °C with 10°C/min under 5%H,/Ar flow (200 ml/min) in an external resistive furnace.

2.3. Catalytic test

The hydrogenation of 1,3-butadiene on Ir-SAC and Ir-NC samples was carried out under
atmospheric pressure in a continuous flow fixed-bed stainless steel reactor. The reactor was
placed in a ceramic furnace with temperature control. The temperature of the catalyst was
recorded via a thermocouple inserted in the catalytic bed. Before the reaction, 40 mg of catalyst
was mixed with 100 mg of a-Al,03 (8 m?/g, purity 99.95% from Alfa-Aesar) and activated in situ
with hydrogen (70 ml/min) by heating from room temperature to 250 °C at a heating rate of
4 °C/min and remained at 250 °C for 1 h. Then the reactor was cooled down to 25 °C under Ha.
The feed flow rate was set to 100 ml/min. The reactive gases (C2H2:H2:He) were mixed using mass
flow controllers (Brooks and Vogtlin) with a composition of 2:10:88%. The temperature was
heated to 200 °C with a ramp of 1 °C/min and remained at 200 °C for 20 minutes under reactive
mixture. The feed and effluent gases were analysed online using Shimadzu GC-2014 gas

chromatograph equipped with a Supelco alumina sulphate plot coupled with an FID detector.



2.4. Operando XAS

To check the local and electronic structures of Ir-SAC and Ir-NC samples during the
hydrogenation of butadiene, operando X-ray absorption spectroscopy (XAS) experiments coupled
with mass spectroscopy were carried on the ROCK beam line3® at the SOLEIL synchrotron. The X-
ray absorption spectra at the Ls; edge of Ir (11.215 eV) were measured and metal Ir foil was used
as reference. The powder samples were placed inside a Lytle-type cell, which was connected to a
gas distribution system that controls the gas flow composition at atmospheric pressure. The
experiment followed as close as possible the laboratory reaction conditions. Prior to each
experiment, the samples were pre-treated to remove contaminants at the surface by heating to
250 °C (4 °C/min) under continuous Hz/He flow (15 ml/min H; and 15 ml/min He) followed by a
dwell at 250 °C for 1 h and then cooled down to 25 °C. Afterward, the catalysts were exposed to
the reactive gas mixture (35 mL/min): 0.5% CsHs + 2.5% H, + 97% He and the temperature was
raised to 200 °C with a ramp of 1 °C/min. The temperature was maintained at 200 °C for 1 h under
reaction conditions. The XAS measurements were coupled with continuous mass spectrometry
(MS) to identify the reaction products.

All XANES spectra were calibrated in energy and normalized. The XAS data treatment and
EXAFS refinement were performed with the MAX program package (Eo = 11215 eV for Ir L; edge,
Fourier Transform 4-15 A-1).3940 EXAFS fitting was performed on the first sphere filtered spectra.
Theoretical phases and amplitudes were computed with FEFF8 based on Ir-X4 structure. The
refined parameters are the coordination number (N), the Debye-Waller factor (0?) and the
nearest neighbour distance (R). The energy shift AEp was first refined for the Ir reference and then
fixed for the subsequent refinements. The goodness of fit was evaluated using the quality factor

(QF).



3. Results and discussions

XRD patterns of the as-prepared Ir-SAC and Ir-NC samples showed only the contribution from
the starting activated carbon (AC) support, as shown in Figure 1A. Moreover, no diffraction peaks
from the face centred cubic (fcc) lattice of bulk Ir metal were observed in both samples. This
suggests that Ir is well dispersed on the carbon host either as small clusters/nanoparticles with

too short coherence length to diffract X-rays*! or as single atoms.
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Figure 1. (A) XRD patterns of the starting activated carbon (AC) support together with the as-prepared Ir-
SAC and Ir-NC samples; The angular positions of the expected diffraction peaks (111) and (200) of fcc bulk
Ir metal are indicated by dashed lines. (B) HAADF-STEM image of Ir-SAC and (C) TEM image of Ir-NC with

an average size of 1.3 nm (size histogram in inset).

To check the dispersion of Ir in both as-prepared samples, TEM/STEM characterizations were
carried out (Figures 1B and 1C). HAADF-STEM images of the Ir-SAC sample clearly shows isolated
bright spots homogeneously dispersed on the support (figure 1B). We hypothesize that these
spots are Ir single atoms, as this will be confirmed later by XAS. In the light of the above XRD and
STEM-HAADF investigations and the chemical properties of the as-prepared Ir-SAC (1.0 wt.% of Ir
and ~ 14 wt.% of N), this sample consists of Ir single-atoms on a nitrogen-rich carbon substrate,
as also proposed by Zhao et al.3®

On the contrary, Ir nanoparticles can be clearly visualized on the carbon support for the Ir-
NC sample (Figure 1C). The mean size of Ir nanoparticles is 1.3 (#0.5) nm, in agreement with the
literature for similar synthetic conditions.*? Additional HAADF-STEM and TEM images for the as-

prepared samples are shown in figure SI1.



The conversion and selectivity of Ir-SAC and Ir-NC during the hydrogenation of butadiene
reaction are shown in Figure 2. Butadiene conversion is a slightly higher for Ir-NC, however Ir-SAC
shows an impressive nearly 100% selectivity to butenes in the whole temperature range (25-
200 °C). The conversion increases steadily with the temperature and reaches 80% at 200 °C. Ir-NC
behaves differently with high selectivity at low temperature and low conversion (below 30%).
However, when the conversion exceeds 30% a sudden drop of the selectivity occurs to almost full

hydrogenation to butane at high temperature.
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Figure 2. Conversion and selectivity to butenes of Ir-SAC (A) and Ir-NC (B) in the hydrogenation of

butadiene as a function of temperature.

To gain insights into the local structure and the electronic features of Ir-SAC and their
evolution in reactive conditions, we have performed operando XAS experiments at the Ir L3-edge.
The normalized X-ray absorption near edge structure (XANES) spectra and the Fourier Transform
(FT) modulus of the k*-weighed extended X-ray absorption fine structure (EXAFS) signal of the Ir-
SAC and Ir-NC samples under H,/He gas mixture at room temperature and prior to the pre-

treatment and reaction are shown in Figure 3. For comparison, Ir bulk and IrO; references are also

plotted.



2.4
A B Ir-O /T
2.1+ . IrO,
c
3 18] | N(CO):
r- , !
o = N Ir-SAC
8 1.54 = :
g 121 & b
2 ~
© 091 L
g 0.6
5 031 Ir bulk
z
0.0 , , , : — , ;
11200 11220 11240 11260 11280 0o 1 2 3 4 5 6
Energy (eV) R (A)

Figure 3. XANES spectra at the Ir Ls-edge of the Ir-SAC (blue) and Ir-NC (red) under H,/He gas flow at
room temperature prior to the pre-treatment together with the references: Ir bulk metal (black) and IrO;
powder (green) (A) and the modulus of the Fourier transforms of the k?>-weighed EXAFS signals of Ir
powder (black), Ir-NC (red), Ir-SAC (blue) and IrO; powder (green) (B). Fourier transforms have been

stacked for comparison.

As shown in Figure 3A, the Ir Ls-edge XANES spectra are characterized by a white line, which
corresponds to transitions from the occupied 2ps/. core electron level to empty 5d states, thus
probing the local density of unoccupied final states in the system.* It is obvious from Figure 3
that the white line of Ir-SAC is comparable to that of IrO; and more intense than the one of Ir-NC.
The white line of the latter catalyst is close to the one of Ir bulk metal. The increase of the intensity
of the white line from Ir-NC to Ir-SAC indicates a larger unoccupancy of 5d states in the Ir-SAC
which can be explained by the hybridization between Ir and C/N/O atoms from the support.

The above-mentioned white line features can be also understood in terms of oxidation state
of the catalyst. The XANES spectra can be exploited to determine the oxidation state more

precisely. Hambley et. al proposed a simple mathematical method to calculate the oxidation state

using the following equation*: 0Ssqmpie = [(%)Sample - (%)Ir bulk] / [(%)Iroz - (%)Ir bulk] X 4,

where a is the intensity of the white line and b is the gap of the adsorption spectra as shown in
Figure SI2. Thus, the oxidation state of Ir in Ir-SAC and Ir-NC were calculated accordingly and
compared to those of well-known references: 0 and +4 for Ir metal and IrO,, respectively (Figure

SI2).



Consequently, Ir has an oxidation state of +3.2(+0.1) in Ir-SAC, while this value is close to 0 in
Ir-NC i.e., comparable to Ir bulk sample. The FT modulus of the k*-weighed EXAFS signals of the
as-prepared samples are compared to those of bulk Ir and IrO; references in Figure 3B. Ir bulk
shows typical peaks of the fcc metal with the dominant one at approximately 2.58 A (Ir-Ir nearest
distances) whereas, IrO; displays a main peak at around 1.62 A corresponding to the Ir-O nearest
neighbours of the tetragonal structure of the oxide, in good agreement with previous results*.
The FT modulus of the k*-weighed EXAFS signal of Ir-SAC is clearly different as compared to those
of the metal and oxide references and features a single peak at around 1.6 A with low intensity.
This unique and less intense peak can be ascribed to the backscattering from the nearest Ir
neighbouring light elements such as, N, C or O. However, EXAFS cannot distinguish between light
elements close to each other such as, C, N or O because of their similar scattering amplitudes.
Nevertheless, it is worth noting that no Ir-Ir scattering peak (around 2.6 A) is visible in the as-
prepared Ir-SAC sample, which clearly confirms the atomic dispersion of Ir, in good agreement
with HAADF-STEM investigations (Figure 1B).

The XANES spectra of Ir-SAC during the pre-treatment at 250 °C (under H,/He flow) and under
operando conditions at 200 °C (under reactive gas mixture) are illustrated in Figure 4A and B,
respectively. The intensity of the white line smoothly decreases during the pre-treatment heating
and stabilizes when reaching 250 °C (Figure 4A). Under reactive conditions, only a very slight
variation of the white line intensity can be noticed with increasing and stabilisation of the
temperature at 200 °C (Figure 4B). To monitor the change of the electronic properties during pre-
treatment and under operando conditions we applied Humbley’s approach for all XANES data and

the calculated oxidation of state is given in Table 1.
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Figure 4. XANES spectra at the Ir Ls-edge of the Ir-SAC during (A) the pre-treatment under H,/He flow
and (B) under operando conditions.

To reveal the local structure of Ir-SAC during pre-treatment and under reactive conditions,
we performed EXAFS refinements based on a structural model where iridium atom is coordinated
to four in-plane light atoms Ir-NxC,0; (x + y +z = 4), as previously proposed in the literature.*¢4’
The EXAFS fitting results such as, the coordination number (N), the Debye-Waller factor (0?) and
the nearest neighbour Ir-X distance (R) are listed in Table 1. Typical refinements results are
plotted in Figure SI3.

The evolution of the coordination number, the nearest neighbour Ri.x distance and the
oxidation state during hydrogenation of butadiene are plotted in Figure 5. It is obvious that the
pre-treatment under H,/He gas mixture at 250 °C strongly affects the single-atom catalyst state
whereas only minor changes can be observed under reactive conditions. Therefore, the following

discussion will firstly focus on the initial state and the pre-treatment effect on the Ir-SAC and

secondly on the catalyst under working conditions.
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Conditions EXAFS XANES

Step Gas T(°C) N o2 (A?) R (A) QF | 0s
Initial state air 25 4.0(1) | 0.0052 (3) 2.016(1) | 0.14 3.2
Initial state He 25 4.0(1) | 0.0052(3) | 2.016(1) | 0.11 3.2

Introduction of
) Ha/He 25 4.0(1) | 0.0052(3) | 2.016(2) | 0.12 3.2

reduction gas
25 4.0(1) | 0.0053(3) | 2.016(1) | 0.10 3.2
50.5 4.0(1) | 0.0055(3) | 2.015(2) | 0.10 3.1
84.2 3.9(1) | 0.0061(4) | 2.012(1) | 0.07 2.9
117.6 3.6(1) | 0.0059(4) | 2.008(1) | 0.06 2.6

Pre-treatment ramp Ha/He

150.6 3.3(1) 0.0059 (4) 2.005 (1) 0.06 2.4
183.6 3.2(1) | 0.0059(4) | 2.001(1) | 0.05 2.4
216.3 3.1(1) | 0.0057(4) | 1.999 (1) | 0.04 2.1
252 3.0(1) | 0.0057(5) | 1.997(1) | 0.05 2.0
250 2.9(1) | 0.0057(5) | 1.996(1) | 0.05 2.0
Pre-treatment at 250 2.9(1) | 0.0056(4) | 1.995(1) | 0.04 1.9
250 °C Ha/He 250 2.9(1) | 0.0052(5) | 1.995(1) | 0.05 1.9
250 2.9(1) | 0.0053(4) | 1.995(1) | 0.05 1.8
250 2.8(1) | 0.0052(4) | 1.995(1) | 0.04 1.8

Pre-treatment
. Ha/He 34.1 2.9(1) | 0.0049 (4) | 1.996(1) | 0.06 1.9

cooling

Introduction of

) ) CaHe/H2/He 24.9 3.0(1) | 0.0049(5) | 1.997 (1) | 0.06 2.0
reactive gas mixture

24.8 3(1) 0.0048 (4) | 1.998 (1) | 0.05 2.0
64.7 3.1(1) | 0.0051(5) | 2.001(1) | 0.06 2.1
Reaction ramp CaHe/H2/He 106.5 3.1(1) | 0.0053(4) | 2.001(1) | 0.05 2.1
147.7 3.1(1) | 0.0054(4) | 1.999 (1) | 0.05 2.0
198.6 3.0(1) | 0.0055(4) | 1.996(1) | 0.05 1.9
200 3.0(1) | 0.0054(4) | 1.996(1) | 0.05 1.9
Reaction at 200 °C CaHe/H2/He 200 2.9(1) | 0.0051 (5) 1.997 (1) | 0.06 1.9
200 3.0(1) | 0.0053(4) | 1.996(1) | 0.05 1.9
Final state He 33.4 3.1(1) | 0.0053(4) | 1.996(1) | 0.05 2.0

Table 1. EXAFS refinements result for Ir-SAC under operando conditions (hydrogenation of butadiene) :
the coordination number (N), the Debye—Waller factor (o?), the nearest Ir-X (X = N,C,0) distance (R) and

the quality of the fit (QF). The values of oxidation state (OS) from XANES analysis are also given.

Initially, the Ir atoms are surrounded by four light atoms (N/C/0) and the valence state is +3.2
(Table 1), which is similar to Ir3* in iridium (lIl) porphyrin and phthalocyanine complexes.*&->0
During the pre-treatment under H; gas at 250°C, the coordination number reduces from 4.0 (+0.1)
to 2.9 (£0.1), as illustrated in Figure 5A. This three-fold configuration has been already reported
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51-53 35 well

for Cu, Mn and Co single atom catalysts supported on carbon nitride based materials,
as Ir (Il) complexes (*N4)Ir(COD)?*, where Ir was found to be coordinated with three nitrogen
atoms.>* Moreover, Fang et al.® found that Pt in Pti/N-C SAC shows a diminution of the
coordination number (from 4 to 2) and the oxidation state (from + 1.89 to + 1.12) under
electroreduction conditions, as evidenced by operando XAS.?*> The authors hypothesized that the
high catalytic activity of the electrochemical hydrogen evolution reaction was mainly due to this
evolution of the electronic properties and of the local arrangement of the atoms.

The coordination number reduction is accompanied by the decrease of the Ry« distance from
2.016 to 1.996 A (Figure 5B) during the pre-treatment. A first explanation would be that the de-
coordination allows a stronger interaction between the remaining neighbours and therefore
smaller Ry distances as for C-C bond whose length is reduce form 1.54 A to 1.34 A and 1.20 A for
the single, double and triple C-C bond respectively. A second explanation is based on the de-
coordination of one longer Ir-X distance amongst the initial four neighbouring atoms. Previous
literature reported smaller bond lengths of M-N as compared to M-O in metal SACs. For example,
the distances Cu-N and Cu-O were found to be 1.91 A and 2.01 A, respectively, in a Cu SAC
supported on carbon.55 In a ZnN,/C catalysts, the distances Zn-N and Zn-O are 2.00 A and 2.14 A,
respectively.’> Furthermore, the Ir-N bond length in an Iridium Pincer complex,
(NCN)Ir(CH2CH3)CI(OHz), is 2.051 A which is significantly shorter than 2.259 A for Ir-0.%¢ Therefore,
we hypothesize that Ri-n is lower than Ri.o in Ir-SAC supported on nitrogen doped carbon and

consequently, this catalyst might lose one oxygen neighbour under reductive atmosphere.
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Figure 5. Variation of coordination number (A), the nearest neighbour distance Ir-X with X =C, N or O (B)

and the Ir oxidation state (C) of Ir-SAC in operando conditions.

Assuming that the initial configuration is Ir-NxC,0; (x + y + z = 4), we hypothesize that it
evolves to Ir-NxC,0; (x + y + z = 3) during the reduction pre-treatment. Moreover, a diminution of
the oxidation state from +3.2 to +2.0 is also noticed during pre-treatment pointing out to a partial

reduction under these conditions (Figure 5C). Therefore, these three parameters (coordination
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number, Rix and oxidation state) are varying concomitantly pointing out that the reduction pre-
treatment might imply the loss of one nearest neighbour around Ir atoms (possibly oxygen)
accompanied by a decrease of both the average distance Rir.x and the oxidation state.

The coordination number, the Rj.x distance and the oxidation state slightly increase with the
introduction of the reactive gas mixture at 25 °C. They continue to slightly raise during the
temperature ramp up to around 80 °C which might be an artefact due to the gradual arrival of
butadiene in the reactor. This is followed by a smooth decrease at higher temperature up to
200 °C that might be the evidence of the adsorption of carbonaceous reactants and products in
the vicinity of Ir single-atoms. The decrease at high temperature is consistent with a classical
decrease of the reactant/products surface coverage when the temperature increases. At steady
reactive conditions at 200 °C and during cooling to 25 °C, these three parameters are stable,
within the error bar proving that Ir SAC is exceptionally stable during the hydrogenation reaction.

It is interestingly to notice the matching evolutions of the coordination number, the nearest
neighbour distance, and the oxidation state, irrespective of the gaseous environment and
temperature. This is surprising since these values are extracted from different parts of the XAS
spectrum: the coordination number and the nearest neighbour distance are determined from the
EXAFS fitting requiring a structure input and the oxidation state is calculated from the XANES data
without structural model. This relationship among two different sets of data confirms our robust
data treatment and supports our following conclusion: Ir atoms surrounded by three light
elements (N, C, O) are the main reactive species in the hydrogenation of butadiene.

It is obvious from these experiments that the geometric and the electronic state of the as-
prepared Ir-SAC is different from the pre-treated (before reaction) and final (after reaction) states.
This variation is mainly reflected by the reduction of the intensity of both the white line in the
XANES spectra and the Fourier Transform modulus of the k?>-weighed EXAFS signals from the initial
state to the catalyst before and after reaction (Figure 6). Moreover, it is important to notice that
Ir-SAC is stable during reaction without coalescence and formation of metallic aggregates since
no additional peak at 2.6 A (typical for Ir-Ir nearest distance) is observed after reaction (Figure
6B). The outstanding thermal stability of Ir single atoms will be addressed separately in a next

paragraph.
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Figure 6. XANES spectra at the Ir Ls-edge (A) and the modulus of the Fourier transforms of the k-
weighed EAXFS signals (B) of the Ir-SAC initial (black), after pre-treatment under Hz/He flow (blue) and

after reaction (red) at room temperature.

For the sake of comparison, we have also performed operando XAS experiments on the Ir-NC
sample. The Ir nanocatalyst is stable during the pre-treatment and reaction without any local
structural or electronic change, irrespective of gaseous environment and temperature. The
coordination number (N =9 £1) and the oxidation state (around 0) are constant during the pre-
treatment and reaction. As expected, a small thermal variation can be noticed for the nearest
neighbour distance: Ri..ir increases from 2.710+0.009 A to 2.720+0.009 A while heating from 25 °C
to 250 °C, although this change is within the error bar. The Debye-Waller factor, o2, raises likely
from 0.0043+0.0005 A2 to 0.0064+0.0005 A2 during the temperature increase from 25 °C to 250 °C.
Moreover, no significant change of Ir-NC could be noticed when introducing the reactive gas
mixture as well as during reaction. Selected XANES, EXAFS spectra and corresponding fits for Ir-
NC are displayed in Figure Si4.

The gaseous product distributions during operando XAS experiments of both Ir-SAC and Ir-
NC were detected by mass spectroscopy (Figure SI5). Ir-SAC is highly active and selective to
butene isomers while butane is the principal product for Ir-NC. The result is consistent with
laboratory catalytic tests, confirming that operando XAS experiments were conducted in real
working conditions.

To further confirm the thermal stability of Ir-SAC, we have carried out ex situ STEM-HAADF

imaging on the Ir-SAC powder treated under 5%H,/Ar flow at 250 °C and 400 °C. Figure SI6 clearly

16



shows isolated bright spots homogeneously dispersed on the support, irrespective of the
temperature. This confirms that Ir single atoms are stable after the thermal treatment under
reducing gas, even at 400 °C. This result is particularly meaningful since the stability of single-
atoms toward coalescence is a real issue, especially in reducing atmosphere >’. A thorough
catalytic study complemented by detailed physicochemical characterizations will be addressed in

a future report.

4. Conclusion

We have prepared Ir single atoms well dispersed on a nitrogen-doped carbon support and
carried out catalytic tests for the partial hydrogenation of butadiene. The Ir-SAC proves a
substantial activity toward hydrogenation of butadiene with nearly 100% selectivity to butenes
even at full conversion. In comparison, Ir nanoparticles dispersed on a carbon support behave
differently with low selectivity to butenes while the conversion exceeds 30%. By means of
operando XAS experiments, we demonstrated that the reduction pre-treatment under H; at
250 °Cinvolves the loss of one nearest neighbour (possibly oxygen) around Ir atoms accompanied
by a decrease of the Rirx distance as well as the oxidation state from +3.2 to +2.0. This evolution
of the electronic and atomic structure of Ir-SAC might be the reason for the high catalytic
selectivity in the hydrogenation of butadiene uncovering that the active species are Ir atoms
surrounded by three light elements (N, C, O). Moreover, the Ir single atoms are stable at high
temperature (up to 400 °C) without any coalescence into metallic clusters or nanoparticles. These
results are of paramount importance for in-depth understanding of the underlying reaction

mechanisms in the fast-growing filed of the single-atom catalysis.
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