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This work reports a strategy to enhance iridium-catalyzed furfural hydrogenation by tuning the acidity of
amorphous silica supports via ammonium fluoride treatment. The NH4F treatment induced controlled silicon
leaching, which increased the pore volume and generated additional Lewis acid sites, thereby promoting superior
metal dispersion. Among the catalysts, Ir-SiO-1.0F achieved nearly complete furfural conversion (>95%) with
~100% selectivity toward furfuryl alcohol, clearly outperforming both unmodified and over-fluorinated systems.
Structure-activity correlations revealed that the optimal Ir dispersion (~40%, particle size ~3 nm) and a
balanced Ir%/Ir*" ratio are decisive for high selectivity. XPS and NH3-TPD measurements demonstrated that
acidity and Ir oxidation states act synergistically to favor carbonyl hydrogenation while suppressing ring satu-
ration. Density functional theory (DFT) calculations confirmed the preferential adsorption of furfural on IrO,.
Dual-site top (perpendicular) adsorption of furfural on the IrO, surface enables its selective hydrogenation to
furfuryl alcohol, with hydrogen dissociating on metallic iridium. These findings establish NH4F-treated silica as a
versatile support design and provide a clear framework for tailoring catalysts for the selective upgrading of
biomass.

1. Introduction

Hydrogenation has played a foundational role in industrial catalysis
since the late 19th century, when Sabatier’s pioneering work demon-
strated the utility of nickel as an effective catalyst for the addition of
hydrogen to unsaturated hydrocarbons [1-2]. One of its significant
modern applications, the hydrogenation of benzene to cyclohexane, is
crucial for synthesising nylon intermediates. This underscores the
continuing importance of this reaction pathway in today’s chemical
manufacturing industry. The efficacy of hydrogenation catalysts is
governed not only by the nature of the active metal phase but also by the
physicochemical properties of the support [3]. Parameters such as sur-
face acidity, crystallinity, and porosity can significantly influence the
metal dispersion, reducibility, and overall availability of active sites.
Acidic supports, in particular, have been reported to enhance the
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hydrogenation of aromatic compounds when compared to neutral ma-
terials like silica [4-5]. However, supports with strong acid sites, such as
zeolites, may also promote competitive side reactions, which can
accelerate catalyst deactivation through mechanisms such as coking or
structural degradation [6]. Therefore, rational selection and engineering
of catalyst supports are essential for achieving a balance between cata-
lytic activity and long-term stability in hydrogenation processes.

The catalytic upgrading of biomass-derived molecules has garnered
increasing attention as a sustainable and environmentally responsible
alternative to fossil-based chemical production. Among these key plat-
form molecules, furfural, obtained via hemicellulose hydrolysis, repre-
sents a versatile intermediate for producing a range of fuels and fine
chemicals (Scheme 1). Selective hydrogenation of furfural into value-
added compounds such as furfuryl alcohol and tetrahydrofurfuryl
alcohol is of particular industrial relevance [7-9]. Nonetheless,
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achieving high catalytic activity and selectivity under mild conditions
remains a significant challenge. This difficulty arises from furfural’s
multifunctional nature, which includes both an aldehyde and a furan
ring, making it prone to various side reactions such as ring hydrogena-
tion, polymerisation, or decarbonylation. These competing pathways
can compromise both yield and catalyst longevity, thereby necessitating
the development of advanced catalytic systems capable of fine-tuned
selectivity and enhanced stability.

Heterogeneous catalysts comprising noble metals supported on high-
surface-area oxides are widely employed for such transformations.
Iridium (Ir) based catalysts, in particular, have demonstrated promising
hydrogenation activity due to their high hydrogen dissociation effi-
ciency and tolerance toward polar functional groups (Table S1).
Nevertheless, catalytic performance is significantly influenced by the
physicochemical properties of the support. Attributes such as surface
area, acidity, and metal-support interactions play crucial roles in
modulating the activity, selectivity, and stability of the active phase
[10-12]. Silica is a common catalyst support due to its thermal stability
and high surface area, but its lack of acidity can limit catalytic efficiency.
Recent studies have shown that modifying the acid-base properties of
silica can enhance metal dispersion and improve interactions with polar
substrates such as furfural [8,10]. Iridium nanoparticles supported on
silica are increasingly utilized as catalysts for various hydrogenation
reactions, including the hydrogenation of furfural to furfuryl alcohol.
While these catalysts exhibit notable catalytic activity, several limita-
tions affect their overall efficiency and applicability. One significant
limitation of Ir/SiOq catalysts is the tendency for Ir nanoparticles to
agglomerate during catalytic reactions. This phenomenon leads to a loss
of active surface area, diminishing catalytic performance over time.
Moreover, the low thermal stability of Ir on silica supports makes them
susceptible to high-temperature sintering, further impeding perfor-
mance efficiency. Although much attention has been paid to the catalyst
systems, deactivation of the catalysts becomes the biggest hindrance for
the development of the catalysts. All the catalysts reported in the
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literature suffered severe deactivation during the reaction process. The
deactivation is mainly due to the high surface activity of the catalyst,
which would cause a rapid coke formation and consequently block the
active sites [13]. Some authors attributed the deactivation of Ir/TiO,
catalyst to the formation of strongly chemisorbed asymmetric carbox-
ylates and the formation of heavy products, with conjugated C=0 and
C=C bonds. Also, decarbonylation of aldehyde moiety and consequently
the irreversible adsorption of CO on the metal surface is the reason for
the loss of activity due to a poisoning effect [14,15]. In addition, Ir/SiO,
catalysts often exhibit challenges related to product selectivity. The
catalytic activity of Ir can lead to competitive reactions that favour the
formation of various hydrogenated products rather than the desired
furfuryl alcohol. This selectivity issue can result from the electronic and
geometric configurations of the catalytic sites, which may not favour the
specific hydrogenation pathway required for efficient furfuryl alcohol
production. The interaction between Ir nanoparticles and the SiO2
support also presents challenges. The weak metal-support interaction
can lead to significant leaching of Ir from the support during catalytic
cycling. This leaching not only reduces the active catalyst amount but
can also result in unforgiving reaction environments leading to transient
deactivation. Furthermore, the low adsorption energy of intermediates
on SiOs-supported Ir can hinder effective chemisorption of reactants,
thus affecting overall catalytic activity.

Thus, the main objective of this work is to modify the SiO2 in order to
improve the interaction between Ir nanoparticles and the support and
increase the stability of the Ir active phase. This paper aims to conduct
detailed research to investigate the effects of ammonium fluoride
modification on the physicochemical and catalytic properties of amor-
phous silica. The study explores the influence of the concentration of
ammonium fluoride on the support texture and the nature of active sites.
The modified silica materials were used as supports for iridium catalysts,
and the effect of their acidity on the activity of iridium catalysts for
selective furfural hydrogenation was studied.
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Scheme 1. Reductive conversion of furfural to chemicals and fuels.
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2. Experimental section
2.1. Supports and catalysts preparation and activation

Amorphous silica (Polish Chemicals Reagents) was modified with
solutions of ammonium fluoride with different concentrations (0.5, 1.0,
and 2.0 M). Before modification, the silica was calcined for 3 hours at
550°C. A portion of 1 g of silica was mixed with 100 cm® of ammonium
fluoride solution of a specific concentration. The obtained mixture was
stirred under reflux at 60°C for 1 h. After the treatment, the samples
were filtered, washed with hot deionized water, dried at room temper-
ature (RT), and then calcined in the air at 550°C for 3 h. Washing with
hot water removes residual ammonium fluoride as well as soluble silicon
fluoride species formed during the NH4F treatment. The resulting sam-
ples were labelled as SiO-xF, where x means the concentration of the
ammonium fluoride solution used. For comparison, the unmodified sil-
ica (labelled as SiO-0OF) was also used as a support.

Iridium was deposited on activated (3 h, 550°C) silica supports by
the conventional impregnation method using iridium acetylacetonate
(Sigma-Aldrich) as a metal precursor. The required quantity of Ir(acac)s
was dissolved in methanol, and the solution was added to the calcined
support (the amount of precursor was calculated to achieve an iridium
loading of 1 wt.%). After stirring for 30 min, the solvent was removed
using a rotary evaporator, and the catalysts were dried at 60 °C for 24 h.
The obtained materials were labelled as Ir/SiO-xF-D.

Prior to the measurements of hydrogen chemisorption, as well as
before the measurements by low-temperature nitrogen adsorption/
desorption (BET), X-ray powder diffraction (XRD), and X-ray photo-
electron spectroscopy (XPS) measurements, each precursor-
impregnated support was placed in a fixed-bed flow reactor and
reduced in hydrogen flow (Linde, 50 cm®/min). All catalysts were
reduced with Hj at 400 °C for 2 h. The reduced catalysts were labelled as
Ir/SiO-xF.

2.2. Supports and catalysts characterization

2.2.1. X-ray diffraction analysis (XRD)

The X-ray powder diffraction analysis was performed on a Bruker
AXS D8 Advance diffractometer with Ni-filtered CuKo radiation
(A=1.54056 A) in the 20 range of 10-60°.

2.2.2. Determination of surface area and porosity

The Brunauer-Emmett-Teller (BET) specific surface areas (SSA) were
determined by Ny adsorption at -196 °C using a Micromeritics ASAP
2010 sorptometer. Total pore volume and average pore radius were
determined by the Barrett-Joyner-Halenda (BJH) method based on the
desorption branch of the isotherm. Prior to the measurements of
adsorption-desorption isotherms, the samples were outgassed at 275°C
for 4 h.

2.2.3. Temperature-programmed desorption of anmonia (TPD-NH3)

The temperature-programmed desorption of ammonia measure-
ments (TPD-NH3) were carried out in order to determine the acidity of
the silica supports. The measurements were performed using a Pulse
ChemiSorb 2705 apparatus (Micromeritics). In the typical experiment, a
sample (~500 mg) was heated in He (99.999%, Linde) at the rate of
10°C/min up to 500°C and then maintained at this temperature for 1 h.
Afterwards, it was cooled to 100°C and saturated with ammonia for 30
min. After purging with helium flow at 100°C for 1 h, the TPD-NH3
analysis was performed in the temperature range of 100-500°C with a
heating rate of 10°C/min using a TCD detector. All TPD-NHj profiles
presented in this work were normalized to equal mass of the sample (1
g).

2.2.4. FTIR analysis
FTIR analysis of pyridine (Sigma-Aldrich) adsorption was performed
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on self-supported wafers using a FTS 3000 Bio-Rad (Bio-Rad, CA, USA)
spectrophotometer connected to a conventional vacuum system. Before
FTIR studies, all support samples were activated in situ in an FTIR cell at
275°C under vacuum for 90 min. Pyridine adsorption (6.0 mbar) was
carried out at 50°C for 10 min, and the spectra were recorded after
evacuation at 50, 75, and 100°C for 30 min.

2.2.5. Temperature-programmed reduction with hydrogen (TPR-Hs)

Measurements of temperature-programmed reduction with
hydrogen (TPR-Hy) were carried out on a Pulse ChemiSorb 2705
(Micromeritics) instrument. Dried metal precursor-impregnated sup-
ports - Ir/SiO-xF-D (~50 mg) were reduced in the flow of 10 vol.%. Hy —
Ar (99.999%, Linde) at the flow rate of 30 c¢m®/min. The measurements
were conducted in the temperature range from 50 to 700°C at a linear
temperature ramp of 10°C/min. The products of the reduction were
retained by a cold isopropanol (cold trap at about —70°C). All TPR-H,
profiles, presented in this work, have been normalized to the same
sample weight (100 mg).

2.2.6. Determination of metal dispersion by hydrogen and carbon monoxide
chemisorption

The measurements of hydrogen or carbon monoxide chemisorption
on supported metal catalysts were conducted by the static method at
35°C (hydrogen) or 100°C (carbon monoxide) on a Micromeritics
ASAP2010C sorptometer. Prior to hydrogen/carbon monoxide chemi-
sorption, fresh dried catalysts were reduced with Hy at 400°C for 2 h and
then the catalyst samples were pretreated in situ to purify their surfaces
from adsorbed gases. The pretreatment consisted of the evacuation at
room temperature for 15 minutes and then at 360°C for 60 minutes,
followed by reduction in hydrogen flow (40 cm®/min, 99.999%, Linde)
at 360°C for 60 minutes and evacuation at 360°C for 120 minutes.
Iridium dispersion was calculated from the irreversibly adsorbed
hydrogen or adsorbed CO. From the volume of adsorbed hydrogen/
carbon monoxide corresponding to monolayer coverage (vy), the
metallic surface area (S), expressed in mz/glr, was calculated using the
following equation [16]:

_ Vm'Ny-n-a,-100

$ = “ooatamwr (Eq. 1)

where v, — volume of adsorbed hydrogen/carbon monoxide (cms), Ny is
Avogadro’s number (6.022-10% mol’l), n - chemisorption stoichiom-
etry (n=2 for Hy or n=1 for CO), a,, — surface area (m?) occupied by a
metal atom, m — the sample mass (g), wt (%) — iridium loading.

The dispersion (D) of iridium was calculated from the formula:

D_ S-M
am-Na

(Eq. 2)

where S — the metallic surface area, M - iridium atomic weight, Ny —
Avogadro’s number and a,, — surface covered by one iridium atom.

The average iridium particle size (P), expressed in nm, was calcu-
lated using the following equation:

6000

p
S-p

(Eq. 3)

where S — the metallic surface area, p — metal density (g/cm>).

2.2.7. X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) analysis of the iridium cat-
alysts was carried out with a Kratos Axis Ultra spectrometer (Kratos
Analytical, U.K.). The examined catalysts were irradiated with a
monochromatic Al Ko radiation (1486.6 eV). Binding energies were
referenced to the Cls peak from the carbon surface deposit at 284.8 eV.
The data treatment was performed using CasaXPS Software.
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2.2.8. Catalytic test

Furfural hydrogenation was carried out in a Top Industries stainless-
steel autoclave reactor at 150°C. In a typical experiment, the reactor was
charged with 20 mL of a 0.3 M furfural solution in isopropanol, followed
by the addition of the appropriate amount of catalyst to achieve a
furfural-to-Ir molar ratio of 500:1. The reactor was sealed and purged
three times with Hj at 10 bar to remove residual air, then pressurized
with Hj to the required pressure (20 bar). Stirring was initiated at 600
rpm, and the reaction start time (ty) was defined as the point at which
the system reached the target temperature (150°C). Hy pressure was
maintained constant throughout the experiment to replenish any gas
consumed during the reaction. Unless otherwise stated, reactions were
conducted for a total duration of 120 minutes. Reaction products were
analyzed using gas chromatography with flame ionization detection
(GC-FID) and gas chromatography-mass spectrometry (GC-MS). GC-FID
analysis was performed using an Agilent 7890B instrument equipped
with a CP-Wax 52 CB column (30 m x 0.25 mm x 0.25 pm). GC-MS
analysis was carried out on an Agilent 5977B system, also fitted with
a CP-Wax 52 CB column of identical dimensions. The chromatographic
program was as follows: the oven was initially held at 37 °C for 4 mi-
nutes, ramped at 25 °C/min to 170 °C, then at 50 °C/min to 240 °C, and
held at 240 °C for 2 minutes.

The conversion rate (X%) was calculated using the equation:

mol; — mol; 100

Conversion =
mol;

(Eq. 4)

where mol; represents the initial moles of furfural, and mol; are the
moles at the end of the reaction. Selectivity (S%) was determined as
follows:

mol,

Selectivity, = S mol, .

100 (Eq. 5)

where mol, is the moles of specific product a at the end of the re-
action, and Y~ mol, is the sum of moles of all the products at the end
of the reaction.

2.2.9. Computational methods

Spin-polarized periodic plane-wave DFT calculations were carried
out using the Vienna Ab-initio Simulation Package (VASP) [17]. The
calculations were performed using projected augmented wave potentials
with PBE functionals [18-19], and a cutoff to the kinetic energy for the
expansion of the basis set of 400 eV. For the sake of accuracy,
non-spherical contributions of the gradient of the density were also
included in the PAW spheres [20].

The bulk of Ir and IrO, were optimized from reference data using
thresholds for electronic energies and ionic forces of 10~ eV and 0.005
eV/A, respectively. The Brillouin zone was sampled using a 8 x 8 x 8
I'-centred k-point mesh, obtained via the Monkhorst-Pack method, and
minimizing any Pulay stress [21]. To study the surface properties and
compare the catalytic performance for the furfural adsorption, a p(3 x 3)
Ir (111) and p(2 x 4) IrOy (110) slabs cut from the corresponding
optimized bulk system through the Atomic Simulation Environment
(ASE) were employed [22], Fig. S1. A vacuum of 16 A along the c-axis
was inserted to avoid any interaction between adjacent images. Both the
slabs were composed of four atomic layers, with the two uppermost
layers left free to relax during the adsorption of furfural, where the
convergence criteria were set as 10°* eV and 0.05 eV/A, and the
k-points adapted to the I'-point. In the adsorption studies, an increased
number of initial non-self-consistent steps and linear mixing involving
the metal d-orbitals improved the wavefunction convergence, and the
Brillouin-zone sampling was eased using the second-order Methfes-
sel-Paxton method with a smearing width of 0.1 eV [23-24]. All the
calculations included the long-range dispersion correction approach by
Grimme - DFT-D3 methods with Becke-Johnson damping [25-26], an
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improvement on pure DFT to evaluate molecular interactions [27-28].

The binding energies (AE) for each structure (Eg*) were calculated as
a difference with the energy of the free trans-furfural (Epr) and surface
(Es), according to the following equation (Eq. (6)):

AE = Es, — (Es+ Egp) (Eq.6)

3. Results and discussion

The amorphous silica was treated with ammonium fluoride solutions
in order to modify its textural and acidic properties. For this purpose,
NH4F solutions with concentrations of 0.5, 1.0, and 2.0 M were used. An
important parameter in the synthesis of new materials is the efficiency of
the modification process. The treatment of SiO, with fluoride solutions
leds to partial leaching of silicon atoms from the silica framework
(desilication) and the remaining oxygen atoms interact with hydrogen to
form H-bonded silanol defect groups of a different type that serve as
acidic centers [29]. This etching process resulted in a measurable mass
loss. Specifically, treatment with NH4F solutions at concentrations 0.5
and 1.0 M caused a mass reduction of approximately 19%, while the use
of a 2.0 M solution led to a final mass decrease of around 25%. The XPS
analysis demonstrated that all fluoride species were removed during the
washing step after modification.

Low-temperature Ny adsorption-desorption measurements were
employed to characterize the textural properties of both unmodified and
modified silica samples. The characteristics of the porosity and the
specific surface area (SSA) are very important parameters characterizing
new supports, influencing the dispersion and particle size of the active
phase. Ammonium fluoride treatment of silica resulted in a decrease in
SSA, along with an increase in total pore volume (V), and average pore
size with the increase in modifier concentration - Table 1.

Low-temperature nitrogen adsorption-desorption studies show that
the modification caused the generation of additional porosity as the total
pore volume increased from 0.69 to 0.95 cm®/g with an increase in the
concentration of the modifier. The initial silica SiO-OF, according to the
new IUPAC classification, is characterized by a type IV(a) isotherm with
H2(b) hysteresis loop- Fig. 1a [30]. The shape of the hysteresis loop
(type H2(b)) indicates that the supports have mainly cylindrical pores
with a wide neck size distribution, as results from the parallel course of
the isotherm adsorption and desorption branches in the range of p/pg =
0.6 - 0.8. Such an isotherm is typical for mesoporous materials having a
pore system for which network effects are important. Fig. 1a displays the
adsorption-desorption isotherms of the modified samples. A visible and
gradual increase in the adsorbed nitrogen volume at higher values of
relative pressure (p/po) can be observed with the increase in the con-
centration of ammonium fluoride solution (from 0.5 to 2.0 M). This
phenomenon indicates a gradual increase in the pore diameter with
increasing amount of the modifying agent. This can be confirmed by the
shift of the maxima on the pore size distribution curves shown in Fig. 1b.

Table 1
Physicochemical characterization of the supports.
Support Mass SSA, Total pore Average TPD-NH3 Density
loss, m?/ volume, pore pmolyys/ of
% g em®/g diameter, g acid
nm sites”,
umol/
m2
SiO-OF - 381 0.69 5.6 9.8 0.03
SiO- 18.4 355 0.77 7.2 27.2 0.08
0.5F
Sio- 19.6 349 0.83 7.5 46.2 0.13
1.0F
SiO- 24.8 334 0.95 10.0 46.5 0.14
2.0F

¥ Concentration of acid centers determined based on TPD-NHj
measurements.
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Fig. 1. Low-temperature nitrogen adsorption-desorption isotherms (a) and pore size distributions (b) of silica samples modified with NH4F solutions.

The non-modified material SiO-OF is characterized by a narrow pore size
distribution, mainly in the range of 2-10 nm (with an average pore size
of 5.6 nm). An increase in NH4F concentration results in a reduced
contribution of smaller pores and a corresponding increase in the pres-
ence of larger pores caused by a partial removal of Si atoms from the
silica framework. It is particularly noticeable in the pore size distribu-
tion of SiO-2.0F sample characterized with pores in the range of 4-23 nm
with a maximum at 10 nm. The modification also results in a decrease in
surface area, although this decrease does not exceed 20%, while the
average pore diameter nearly doubles - Table 1. The modification of
silica with an NH4F solution initially leads to a 10% decrease in specific
surface area (from 381 m?/g to 355 m?/g for SiO-0.5F). However, with
further increase in the concentration of the modifier used in the modi-
fication process, the specific surface area of the obtained materials
gradually decreases, reaching a value of 334 m?/g for SiO-2.0F
(Table 1).

To determine acidity, both the starting silica (SiO-0F) and the silica
modified with ammonium fluoride solutions were analyzed by
temperature-programmed desorption of ammonia (TPD-NHs3) and
Fourier-transform infrared spectroscopy (FTIR) with adsorbed pyridine.
The results are presented in Fig. 2 (TPD-NHj3 profiles), Fig. 3 (FTIR-Py)

TCD signal, a.u.

150 200 250 300 350 400 450 500 550

Temperature, °C

Fig. 2. TPD-NHj profiles of the unmodified and modified SiO, samples.

1595.9 14450

1577.8

1489.8

SiO-1.0F

SiO-0F

1650 1600 1550 1500 1450 1400
Wavenumber, cm™’

Absorbance, a.u.

Fig. 3. FTIR spectra of adsorbed pyridine of silica modified with 0.5; 1.0 and
2.0 M NH4F (evacuation at 50°C).

and Table 2.

Based on the TPD-NHj profiles, the concentration of surface acid
sites was calculated (Table 2), and after deconvolution of the profiles
(Fig. S2), the concentration of weak and medium acid sites was

Table 2
Acidic properties of amorphous SiO, modified with NH4F solutions of varying
concentrations and the initial unmodified silica calcined at 550°C.

Support Total acidity Content of LT sites, % Content of HT sites, %
umol/g

SiO-OF 9.8 42 58

SiO-0.5F 27.2 27 73

SiO-1.0F 46.2 31 69

SiO-2.0F 46.5 43 57

LT- low-temperature sites (below 250°C), HT- high-temperature sites (above
250°C)
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evaluated. Modification of the initial support results in the formation of
novel hydrogen-bonded silanol groups on its surface that act as acid
sites. The number and strength of the generated acid sites depend on the
concentration of ammonium fluoride solution used for modification. The
starting silica (SiO-0F) exhibits slight acidity (9.8 umol/g), and modi-
fication of its surface with a 0.5 M solution of NH4F already leads to the
generation of additional acidic sites, causing the concentration of acid
sites to increase more than twofold. In the case of the sample modified
with a 1.0 M solution, a further significant increase in the concentration
of acidic sites to 46.2 umol/g is observed. Further increase in the con-
centration of the modifying agent does not result in a higher concen-
tration of acidic sites - Table 2.

The shape of the TPD-NHj3 profiles clearly indicates the presence of
acid sites of different strengths. According to the traditional classifica-
tion [31], the deconvoluted peaks (Fig. S2) can be classified into two
kinds of acid strength corresponding to NHs eluted below 250°C
(low-temperature acid sites) and above 250°C (high-temperature acid
sites). The peaks at higher temperatures (> 250°C) are attributed to the
desorption of NH3 from strong Lewis acid sites, whereas the low tem-
perature peaks are assigned to the desorption of ammonia from weak
Lewis acid sites and weakly acidic silanol groups. Based on the decon-
volution results, it can be concluded that with an increase in the con-
centration of the modifying agent, there is an increase in the content of
LT acid sites.

The FTIR studies of adsorbed pyridine (Py) allowed to estimate the
nature of acid sites in the investigated samples (Fig. 3). The spectra of
the starting silica as well as all modified materials show bands charac-
teristic of Py coordinately bounded to Lewis acid sites: v19p at 1445.0
and vg, at 1577.8 cm ! [5,32,33]. No bands assigned to Brgnsted acid
centers was found [34]. The bands at 1445.0 cm ™! and 1595.9 cm ™! can
also originate from pyridine hydrogen-bounded to surface hydroxyl or
silanol groups [34,35]. A band at 1577.8 cm ™! corresponds to pyridine
bounded to weak Lewis acid sites [34,36]. Weak band at 1489.8 cm’l,
seen only for the samples after modification, is associated with both
Lewis and Brgnsted acid sites [36]. Because of the lack of a band at 1532
em™L, it could be concluded that the band at 1489.8 cm™! originates
only from Lewis acid sites. Evacuation at higher temperatures (75 and
100°C) leads to a drastic decrease in the intensity of these bands, indi-
cating weak and medium strength of acidic sites on the surface of the
modified samples (Fig. $3). This data is in line with TPD-NHj results.

It can be observed that the concentration of the ammonium fluoride
solution used in the modification process has a significant impact on the
intensity of pyridine adsorption bands. A sample modified with a 0.5 M
concentration solution is characterized by the presence of pyridine
adsorption bands with lower intensity compared to materials modified
with solutions of 1.0 or 2.0 M concentration, and the intensity of these
bands increases with the concentration of the modifying agent. Changes
in the concentration of acidic sites in the modified samples, compared to
the concentration of acidic sites in the initial sample, do not correlate
with changes in specific surface area (Table 1) as the surface area of the
modified samples does not change significantly, while they differ
considerably in the concentration of acidic sites, regardless of the
method used to estimate them (TPD-NHj3 or FTIR-Py).

The obtained materials were used as supports for iridium catalysts
with a surface loading of 1% wt. iridium, introduced using iridium
acetylacetonate (Ir(acac)s) as the precursor of the active phase.

Low-temperature nitrogen adsorption-desorption measurements
were conducted for catalysts reduced at 400°C for 2 hours. Surface area,
average pore diameter, and total pore volume of the investigated cata-
lysts were collected in Table 3. Due to the fact that the nitrogen
adsorption/desorption isotherm shapes of the iridium catalysts were
very similar to those observed for the supports, it was decided not to
show them. Nitrogen adsorption-desorption measurements of the sup-
ports showed that the surface area (SSA) of the supports gradually de-
creases from 381 m?/g for the unmodified silica (SiOs) to 334 m?/g for
SiO-2.0F. Similar changes are observed in the case of the surface areas of
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Table 3

Textural properties of reduced catalysts (Hy, 2 h, 400°C) containing iridium
active phase supported on initial silica and silica modified with ammonium
fluoride solutions.

Catalyst Physicochemical characterization of iridium catalysts
SSA, Total pore volume, Average pore diameter,
m%/g em®/g nm

Ir-SiO-OF 367 0.63 5.3

Ir-SiO-0.5F 346 0.75 7.2

Ir-SiO-1.0F 346 0.78 7.4

Ir-SiO-2.0F 329 0.93 9.8

the iridium catalysts, except that the surface area of the latter is always
slightly smaller than the surface area of the corresponding supports. The
reduction in the surface area, pore volume, and average pore diameter of
the catalysts results from the deposition of the active phase and addi-
tional wet and thermal treatments during catalyst preparation.

Temperature-programmed reduction (TPR-Hj) was used to deter-
mine the temperature required for the reduction of iridium precursor
ligands with hydrogen on the catalyst surface. TPR-H, studies were
conducted on dried samples, and reduction profiles of fresh catalysts
dried at 105°C (labelled as Ir-SiO-xF-D) are depicted in Fig. 4.

The TPR-H, profiles of iridium precursor (Ir(acac)s) indicate one
peak with a maximum at the temperature 277°C with small shoulders at
~300°C (Fig. 4a). However, Ir(acac)s deposited on modified and un-
modified silica materials shows hydrogen consumption with two sepa-
rated maxima at 295°C and 437°C, which indicates two-step
decomposition and reduction of the active phase precursor. In the case
of supports, reduction peaks were not observed, as the SiO,, even after
modification, is not reducible. According to the authors of [37], thermal
decomposition of acetylacetonate ligands in Ir-acack species took place
at temperatures around 320°C. Based on this information, we can
conclude that the maximum reduction at 295°C originates from the
decomposition of acac ligands (Fig. 4b). The second peak of reduction in
the range of 400-450°C, observed in all presented reduction profiles,
could be attributed to the reductive decomposition of Ir-acacy species
[37]. In the case of the first reduction peak, besides the maximum at
295°C, a shoulder around ~250°C, attributed to the presence of iridium
oxide particles on the catalyst surface, is observed. As reported by the
authors [38], this signal can be identified as well-dispersed iridium
species. The presence of iridium oxide particles is probably due to the
degradation of part of Ir(acac)s to IrO2 during drying of the catalysts.

TPR-H; studies were conducted to determine the catalysts’ reduction
temperature. Although complete reduction occurs only at 450°C, the
reduction temperature of 400°C used in the study is sufficient for the
decomposition and reduction of the precursor to the metallic phase. It
should be emphasized that catalyst activation was carried out in pure
hydrogen for 2 hours, allowing for the complete transformation of the
active phase precursor to metallic iridium. This was confirmed by
additional TPR-H; measurements of the reduced catalysts, which did not
show any reduction peaks, indicating the absence of an unreduced active
phase.

An essential factor that governs the catalytic performance of metallic
systems is the particle size of the active metal phase. In the present work,
this parameter was assessed by means of hydrogen and carbon monoxide
chemisorption techniques, which are recognized for their accuracy,
particularly when dealing with catalysts containing a low metal loading.
The hydrogen chemisorption experiments comprised two types of
measurements, enabling the determination of (1) irreversibly adsorbed
hydrogen (Hj;;) and (2) reversibly adsorbed hydrogen (Hey), as reported
in Table 4. The former corresponds to hydrogen bound directly to
metallic iridium, whereas the latter is attributed to hydrogen species
located on the support surface, originating from spillover processes. The
total amount of chemisorbed hydrogen (H,) was calculated as the sum of
Hi;r and Hyey. The obtained results demonstrate that H; considerably
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Table 4

H,-chemisorption and CO-chemisorption data of reduced catalysts (Hs, 2 h, 400°C) containing iridium active phase supported on initial silica and silica modified with

ammonium fluoride solutions.

Catalyst Ha-chemisorption data CO-chemisorption data
Volume adsorbed, Dispersion calculated Dispersion calculated Average Ir particle ~ Volume Dispersion,  Average Ir particle
cm®/. g from Hy, from Hj, size*, adsorbed, % size **,
% % nm cm®/g nm
He Hirr Hrev
Ir-SiO-OF 0.1705  0.0636  0.1069 29 11 9.3 0.1194 10 10.9
Ir-SiO- 0.3215 0.1129  0.2086 55 19 5.8 0.2216 19 5.9
0.5F
Ir-SiO- 0.5111  0.2279  0.2832 88 39 2.9 0.4397 37 3.0
1.0F
Ir-SiO- 0.2652  0.1011  0.1641 45 17 6.5 0.1781 15 7.3
2.0F

" Mean size of Ir particles (in nm) calculated from the amount of irreversibly chemisorbed hydrogen
™ Mean size of iridium particles calculated from the amount of chemisorbed carbon monoxide

exceeds Hjyy, indicating a major contribution of reversibly chemisorbed
hydrogen, most likely associated with the support. In order to validate
the dispersion values derived from Hj,;, complementary chemisorption
analyses using carbon monoxide were carried out. In this case, adsorp-
tion occurs exclusively on metallic iridium sites. The corresponding
values are summarized in Table 4. The dispersion obtained from CO
chemisorption showed a close agreement with the estimations based on
Hjr. Nevertheless, slight discrepancies between the two methods were
observed. Such differences can be explained by several factors: (i) CO
usually binds more selectively and strongly to particular sites such as
edges or steps, while hydrogen tends to adsorb more uniformly,
although often with lower affinity and a partially reversible nature; (ii)
different adsorption stoichiometries are assumed for both probes - CO is
typically considered to adsorb in a 1:1 ratio with surface metal atoms,
whereas hydrogen dissociates upon adsorption and may occupy a vari-
able number of sites depending on the surface structure. Furthermore,
the stronger interaction of CO with metallic sites often provides a more
accurate estimation of dispersion. Consequently, the slightly lower
values obtained with CO chemisorption are reasonable and reinforce the
reliability of the dispersion derived from hydrogen measurements.

The results of hydrogen and carbon monoxide chemisorption mea-
surements indicate that dispersion of the active phase depends on the
textural properties of the support (Table 4). Catalysts supported on

modified silica exhibit higher dispersion of iridium particles and smaller
iridium particles than the catalyst supported on parent silica. The
dispersion of iridium, calculated from irreversibly adsorbed hydrogen or
carbon monoxide chemisorption, increases with the concentration of the
modifying agent (NH4F) from ~19% for Ir-SiO-0.5F to ~17% for Ir-SiO-
2.0F, reaching the maximum for Ir-SiO-1.0F (40%) — Table 4. The TPD-
NH;j studies conducted on our supports (SiO-1.0F and SiO-2.0F —
Table 1) indicated a higher total number of acid centers for SiO-2.0F
material. However, the concentration of acid centers expressed per m>
(Table 1) was comparable for both supports. Fig. 5 shows the correlation
of iridium dispersion and the density of acid sites.

Fig. 5 demonstrates that increasing the density of acid sites leads to a
decrease in the average Ir particle size, indicating that higher surface
acidity enhances the dispersion of the metal phase. This relationship is
clearly visible in the Ir-SiO-1.0F sample, which exhibits an acid site
density of 0.13 ymol/m? and the smallest Ir crystallites (~3 nm, with
~37% dispersion). In contrast, the Ir-SiO-2.0F sample shows a further
increase in the total number of acid sites per gram, while its surface
density remains essentially unchanged (~0.14 umol/m?), comparable to
that of Ir-SiO-1.0F. Concurrently, notable changes in the pore structure
are observed, particularly a shift toward larger mesopores (~10 nm), as
evidenced by nitrogen adsorption isotherms and pore size distributions.
This alteration likely facilitates deeper diffusion of Ir precursor species
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Fig. 5. Correlation of iridium dispersion (average Ir particle size calculated
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acid sites.

into the support’s pores, reducing their interaction with surface
anchoring sites and leading to increased particle size and lower
dispersion.

The correlation between acid site density and Ir dispersion is sup-
ported by both TPD-NH3 and Hp-chemisorption data, confirming that
surface acidity is a critical parameter. Nonetheless, textural character-
istics—especially pore size distribution—also exert significant influence.
The SiO-2.0F support, with a larger average pore diameter (10.0 nm vs.
7.6 nm for SiO-1.0F), may hinder effective anchoring of Ir precursors
during impregnation. These larger pores promote deeper penetration of
metal complexes, limiting their interaction with acidic sites and
increasing the likelihood of particle agglomeration during drying and
reduction. Combined with the absence of further enhancement in acid
site density despite the higher NH4F concentration, these factors likely
contribute to the reduced iridium dispersion and the larger crystallite
size observed in the Ir-SiO-2.0F sample. Considering both the concen-
tration of acid sites and the textural properties determined by nitrogen
adsorption/desorption, it can be concluded that the combination of
these properties favours the SiO-1.0F support, for which the smallest
iridium crystallite sizes were recorded. Similar observations regarding
the beneficial effects of surface acidity as well as porous structure were
presented in the literature for modified amorphous silica [32].

The wide-angle XRD measurements were performed to confirm the
amorphous character of the silica supports after fluorine modification
and to exclude the presence of any crystalline phases other than metallic
Ir. The XRD patterns of iridium catalysts (Fig. 6) show only weak re-
flections at 20 = 40.6° (111) and 47.3° (200) corresponding to metallic
iridium with an fcc structure [39]. Although the intensity of these re-
flections is very low, they are noticeable, particularly for the Ir-SiO-OF
and Ir-SiO-2.0F catalysts. The presence of these reflections at such a
low active phase loading (1 wt.%), may indicate crystallites with a size
above 5 nm, however, such low intensity prevents a reliable Scherrer
analysis. The reflection at 20 = 40.6° is particularly prominent for the
Ir-SiO-OF catalyst. This suggests that the modification of the silica sup-
port leads to better dispersion of the active phase for catalysts with a
modified support. The XRD results confirm the findings obtained from
hydrogen chemisorption.

All iridium-modified catalysts were tested in liquid phase furfural
hydrogenation (150°C, 20 bar, 2 h). After each test, the reaction solu-
tions were tested on ICP in order to study the possible leaching of the Ir
from the catalyst. In all cases, no leaching was observed. The results are
presented in Fig. 7. All catalysts showed high activity with the
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conversion of furfural (FF) between 60 and 100% (Fig. 7a). The iridium
catalysts on modified supports showed higher conversion in comparison
to the catalyst on unmodified silica. The highest conversion was ob-
tained for the Ir-SiO-1F catalyst. The selectivity profiles are presented in
Fig. 7b. The main product in all cases was furfuryl alcohol (FFA).
However, due to the acidity of the supports, the presence of various
byproducts was also observed for Ir-SiO-OF, Ir-SiO-0.5F, and Ir-SiO-2.0F
catalysts (e.g. tetrahydrofurfuryl alcohol, 2-methylfuran, fur-
an-methanol ethers or minor amounts of levulinic acid derivatives).
Interestingly, the most active catalyst (Ir-SiO-1.0) was also the most
selective to furfuryl alcohol. In the case of furfural hydrogenation, one of
the most important factors is the type of adsorption on the catalyst
surface. The hydrogenation of furfural over iridium-based catalysts is
highly sensitive to reaction conditions, particularly surface coverage and
the resulting changes in adsorption geometry [40]. Similar to observa-
tions on Pt(111), FF can adopt different adsorption modes on iridium
surfaces depending on the coverage. At low coverage, a planar geometry
might be favoured, while higher coverage could lead to tilting and a
more densely packed adlayer. These changes in adsorption mode
directly influence product selectivity (Fig. S4). When furfural adsorbs
primarily through the carbonyl moiety via an n'-(0)-aldehyde or a tilted
n?-(C,0)-aldehyde configuration, the hydrogenation of the aldehyde
group to furfuryl alcohol is favoured, leaving the furan ring largely
unaffected. However, when furfural adopts a more planar 1>(C,
0)-aldehyde adsorption mode, where both the furan ring and the formyl
group interact significantly with the iridium surface, hydrogenation of
both functionalities becomes more likely, potentially leading to tetra-
hydrofurfuryl alcohol or other ring-hydrogenated products [40]. The
specific strength of the Ir-furfural interaction and its influence on the
preferred adsorption mode would dictate the initial steps of the reaction.
Following the initial hydrogenation of the aldehyde to FFA, the presence
of the hydroxymethyl group can further influence the adsorption on
iridium surfaces, potentially favouring a more planar configuration,
especially at defect sites like edges and corners. Similar to Pd, this planar
adsorption could promote subsequent furan ring hydrogenation. The
temperature also plays a crucial role in determining the dominant
adsorption mode on iridium. Analogous to the other noble metal sys-
tems, such as Pd or Pt, higher temperatures might favour a different
adsorption geometry compared to lower temperatures, potentially
shifting the selectivity between FFA and THFFA. For instance, at higher
temperatures, a configuration hindering furan ring interaction might
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Fig. 7. Furfural hydrogenation on iridium catalysts: a) furfural conversion and b) product selectivity (150°C, 20 bar, 2 h, 50 mg of catalyst).

become more prevalent, favouring FFA formation. Conversely, lower
temperatures could promote an adsorption mode conducive to both
aldehyde and ring hydrogenation. Therefore, the selectivity of
iridium-based catalysts in furfural hydrogenation can be tuned by
carefully controlling reaction conditions such as temperature and sur-
face coverage, which directly impact the dominant furfural adsorption
mode. Understanding the precise nature of furfural adsorption on
different iridium facets and under varying conditions is crucial for
designing highly selective iridium catalysts for either FFA or THFFA
production.

Taking high activity of Ir-based catalysts in furfural hydrogenation,
we used XPS analysis to study the oxidation state of Ir in these materials.
The results are summarized in Table 5 and Fig. 8. In all cases, four peaks
are observed in the 4f region, which correspond to the Ir® and Ir**
components. The results clearly indicate the highest Ir to Ir** ratio for
the catalyst supported on unmodified silica (Ir-SiO-OF). Similar ratios
were observed for Ir-SiO-0.5F and Ir-SiO-2.0F samples, amounting to
0.79 and 0.78, respectively. Interestingly, the lowest ratio was observed
in the case of the Ir-SiO-1.0F sample. This sample was also the most
active and selective in the furfural hydrogenation. These results were
confirmed by TPR-Hjy measurements of the samples after XPS analysis
(Fig. S5). The reduction profiles exhibit maximum at 133°C, corre-
sponding to the reduction of well-dispersed Ir*". In the case of the Ir-
SiO-0OF sample, the intensity of the peak at 133°C is small, indicating a
low amount of Ir**, whereas for the Ir-SiO-1.0F sample, the intensity of
the Ir** reduction peak is the highest. These findings are consistent with
the results obtained from Hy or CO chemisorption (Table 4) as well as
from XPS analysis (Table 5).

A good correlation could be found between the Ir° to Ir** ratio and
the selectivity to furfuryl alcohol, as shown in Fig. 9a. In addition,
similar correlation can be found between Ir dispersion and the FFA
selectivity (Fig. 9b). This may suggest that a dual-site mechanism could

Table 5

XPS analysis and Ir%/Ir*" XPS atomic ratio.
Catalyst Ir total [%] I [%] 1 [%] I/t
Ir-SiO-OF 0.05 74.15 25.85 2.86
Ir-SiO-0.5F 0.08 42.95 57.06 0.79
Ir-SiO-1.0F 0.06 27.44 72.56 0.38

Ir-SiO-2.0F 0.05 44.05 55.95 0.78

be responsible for the unique selectivity of the Ir-SiO-1.0F catalyst. It
could be proposed that furfural is preferentially adsorbed on IrO5 and
then reduced by hydrogen dissociated on Ir® surface [41,42].

The XPS analysis, which provides quantified surface compositions
and reduction profiles, indeed reveals crucial insights into the evolution
of Ir oxidation states on the catalyst surface. It could be concluded that
different iridium species directly contribute to the observed catalytic
behavior, particularly in terms of selectivity. The findings suggest that
the Ir** species, likely present as surface IrO,, act as electron-deficient
Lewis acid sites. These sites play a vital role in the preferential activa-
tion of the furfural molecule via C=0 binding. This electronic interac-
tion at the Ir** sites facilitates the hydrogenation of the carbonyl group,
driving the selectivity towards furfuryl alcohol. We have also estab-
lished that the balance (or ratio) of metallic It to oxidized Ir** species
on the catalyst surface is a key determinant of the reaction pathway.

This ratio dictates whether the hydrogenation reaction predomi-
nantly favors the reduction of the C=0 bond (leading to furfuryl alcohol)
or proceeds further to the hydrogenation of the C=C bond within the
furan ring. The specific electronic environment provided by each
oxidation state, and their relative abundance, therefore directly impact
the observed selectivity. In addition, a strong linear correlation between
the quantity of low temperature acid sites (Lewis acids) in the catalysts
and the shift to lower BE in Ir® (Fig. 10) was observed. This clearly in-
dicates that the modification of the silica with ammonium fluoride im-
pacts the electronic properties of the iridium. The shift of the BE to lower
binding energy is probably due to the electron migration to iridium. It
could also be due to electrostatic interactions and it is not due to the Ir
particle size changes, as any correlation in this case was observed.

The activity and the selectivity are strongly influenced by the
balanced ratio of acidity and Ir dispersion. First of all, the NH4F treat-
ment enables a reduction in the average Ir particle size, leading to better
dispersion of the active metal sites. The introduction of fluoride allows
for precise control over the ratio of metallic Ir° to oxidized Ir*" species
on the surface. Studies show that low Ir-loading samples (e.g., 1%Ir/
Si0,) predominantly contain surface Ir** species, while higher loadings
(e.g., 3%Ir/SiO,, 5%Ir/SiO,) exhibit a mixture of Ir® and Ir** [13]. The
best catalytic results were observed for the 3%Ir which presented also
the higher Ir° to Ir** ratio. Modification of silica with ammonium
fluoride modulates also its surface acid sites. A proper Ir**/Ir° ratio is
crucial for the chemisorption and activation of the aldehyde moiety,
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leading to high hydrogenation activity. Lewis acid sites are proposed to
interact with the carbonyl oxygen, while Ir® or partially reduced Ir"
species serves as the adsorption center for the C-C bond and carbonyl
carbon [15]. Increased surface Lewis acidity and enhanced Ir dispersion,
particularly with higher ammonium fluoride amounts, provide more
sites for carbonyl oxygen adsorption and facilitate chemisorption on Ir®
sites, boosting reactivity. The selectivity is also found to be influenced by

10

the Ir%/Ir*" ratio. While surface Lewis acidity is vital for carbonyl oxy-
gen chemisorption and desirable alcohol formation, an excess of Lewis
acid sites can lead to strong C-C bond interaction with Ir° sites, poten-
tially hindering selectivity. High acidity has also been linked to
increased coking and deactivation in selective hydrogenation [43].

To gain a deeper understanding of the structure-activity and selec-
tivity relationship of the tested iridium-based catalysts in furfural
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hydrogenation, DFT simulations were employed as a hypothesis-driven
tool to validate and mechanistically explain our experimental observa-
tions. Our experimental findings revealed a strong correlation between
the Ir%/Ir*" ratio on the catalyst surface and the selectivity towards
either THFA or FFA. Specifically, an increased presence of metallic Ir
favored THFA production, while higher Ir** content promoted FFA
formation. The DFT analysis provided atomic-level insights that directly
support these experimental trends. By modeling furfural adsorption on
both metallic Ir(111) and oxidized IrO-(110) surfaces, our simulations
demonstrated distinct preferred adsorption modes and bond activation
patterns. The results of these simulations are presented in Figs 11 and
12, which provide valuable insights into the preferred adsorption modes
of furfural on the iridium surfaces and their correlation with the
experimentally observed product distribution. From XPS, we could
observe that varying the Ir%/Ir** ratio, different selectivity was ob-
tained. In order to explain this result, we modelled the two most
commonly exposed facets of metallic Ir nanoparticles and IrO, namely
(111) and (110) planes, in order to obtain insights into their structural
and electronic differences [44-48]. The structural and electronic dif-
ferences of these surfaces are crucial to explain the different results
obtained by varying the Ir%/1r** ratio in terms of catalytic behavior. The
DFT simulations were performed by using the Perdew-Burke-Ernzerhof
(PBE) functional [19], including dispersion forces as implemented by
Grimme with Becke-Johnson damping function [49], which is a
reasonable choice for studying adsorption on metal and metal oxide
surfaces [50,51]. Then, furfural was adsorbed on the non-equivalent
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Fig. 12. Structures of the most stable adsorption modes of furfural on (a) Ir
(111) and (b) IrO»(110) (red-oxygen atoms, grey-carbon atoms, green-
iridium atoms).

sites of the slabs and with a different conformation. The binding en-
ergies for each structure were calculated as a difference with the energy
of the free trans-furfural and surface (according to Eq. (6)). The binding
energies and structure parameters of all the different species adsorbed
on the two surfaces considered can be found in Table S2 and S3, in the
Supporting Information. Both cis and trans furfural were modelled in the
gas phase, and in agreement with other works, the trans conformer was
found to be the most stable [52,53]. However, the energy difference
between the two structures is low (less than 0.05 eV), and for this reason,
in the reaction environment, both cis and trans forms are considered to
be present. Furfural, either trans- or cis-, can be adsorbed parallel to the
surface, indicated as flat, or in a perpendicular way to the slab plane,
named top. An intermediate configuration between these two is possible
and considered in this study, namely tilted, see Fig. 11 [52].

Fig. 12 shows the most stable conformation obtained for each sur-
face. Comparing the optimized model, it is to be noted that two very
different adsorption modes were obtained. Indeed, on Ir(111), furfural is
strongly adsorbed parallel to the metal surface with a binding energy of
-2.029 eV. Herein, the C=0 bond is elongated by 0.12 A, from 1.23 to
1.35 A, closer to the length of a C-O bond. This indicated an activation of
the bond, which can be easily hydrogenated to C-OH. It is worth
mentioning that the C=C bonds of the furanic rings were activated, the
bond length varied by 0.12 A, passing from approximately 1.38 A to 1.50
A. This seems to corroborate the idea that catalysts containing a high
percentage of Ir° can more easily lead to products presenting both the
carbonyl and the furanic ring reduced, i.e., THFA (Fig. 12a). This is
supported by the experimental findings, where an increased amount of
Ir® enhanced the production of tetrahydrofurfuryl alcohol. Indeed, Ir
NPs supported on SiO-OF presented the high amount of Ir® (74.15%)
leading to the formation of either FFA and THFFA, see Fig. 7 and Table 5.
The situation is different when FF interacts with IrO(110). Here, the
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Fig. 11. Schematic representation of the different adsorption modes of cis- and trans-furfural on the considered surfaces.
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molecule adsorbs perpendicularly on the unsaturated Ir>* of the surface
with the oxygen atoms from the carbonyl group and the furanic ring (AE
of -2.476 eV, see Fig. 12b). The difference in binding energy between the
Ir (111) and IrO5 (110) surface of about 0.5 eV indicates a preferential
adsorption of FF on the metal oxide. From the selectivity point of view,
the modelling also corroborates the correlation between the catalytic
data and the surface characterization obtained from XPS. Indeed, such
perpendicular interaction favors the hydrogenation of the carbonyl
group, without modification of the furanic ring, thus explaining the
enhanced formation of FFA in the presence of IrO,, as in the case of Ir-
SiO-1.0F catalyst having a Ir%/Ir** ratio of 0.38 and giving the highest
selectivity for FFA, near 100 % (Fig. 7 and Table 5).

Thus, DFT served not merely as a descriptive tool, but as a crucial
theoretical framework that allowed us to formulate and then validate
hypotheses about the specific roles of different iridium oxidation states
in governing reaction selectivity, transforming empirical correlations
into a well-understood structure-activity relationship.

4. Conclusions

The modification of amorphous silica with ammonium fluoride
effectively altered its textural and acidic properties. This treatment led
to partial silicon leaching, an increase in pore size and volume, and
enhanced surface acidity, while still maintaining a relatively high sur-
face area. The acidity characterization (TPD-NHj3 and FTIR-Py) revealed
that the modification increases the number of acid sites, particularly
weak Lewis acid sites, with the highest saturation achieved at a NH4F
concentration of 1.0 M. The sample SiO-1.0F exhibited the most
favourable textural and acidic properties, as reflected by a beneficial
ratio of specific surface area to the number of acid sites, which resulted
in the highest iridium dispersion and the smallest nanoparticle size in
the corresponding catalyst. Iridium catalysts on silica supports modified
with ammonium fluoride showed high activity in the hydrogenation of
furfural, with the Ir-SiO-1.0F catalyst achieving the highest activity and
selectivity toward furfuryl alcohol. XPS and TPR-Hj studies indicated a
significant role of the Ir%/Ir** ratio in shaping catalyst selectivity, sug-
gesting a dual-site mechanism in which furfural is adsorbed on IrO,
while reduction occurs via Hy activated on the I surface. DFT calcu-
lations supported the experimental observations, revealing distinct
adsorption modes of furfural depending on the oxidation state and facet
type of iridium, which in turn influence the reaction pathway and
product selectivity.
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