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Abstract
Selective and active catalysts enable effective use of feedstocks, reduced energy consumption and waste 

generation. Tuning the electronic structure of heterogeneous metal nanocatalysts via their surface 

modifications is a promising strategy to design highly selective and active catalysts for the synthesis of 

harder to make and more cost-efficient products. We introduce transition metal oleates as a new class of 

ligands to engineer the catalytically active and very selective surface in organic solvents. Using citral 

hydrogenation and 5 nm Pt NPs as a model reaction and model catalytic system, respectively, we show that 

surface engineering of Pt nanocatalysts with metal oleates allows synthesis of desired partially 

hydrogenated product (geraniol) with ~90% conversion with selectivity over 93%. We demonstrate that the 

selective synthesis of the unsaturated alcohols catalyzed by Pt NPs modified by adsorption of the transition 

metal salts cannot be explained by widely accepted mechanism of preferred coordination of C=O groups 

by Lewis acids (e.g. partially oxidized transition surface metals).  Our results indicate that C=O groups 
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prefer to bind to negatively charged surfaces. We propose the explanation on how the adsorption of 

transition metal oleates can results in the increased electron density at the surface of Pt nanoparticles. Our 

study not only provides reliable solutions to selective hydrogenation but opens a new possibility of using 

metal oleate for the electronic ligand effect. 

Introduction
In modern industry, catalysts play a crucial role in 90% of chemical processes.1 While their importance 

continues to grow, the focus of catalysis is shifting from merely enhancing activity to improving selectivity, 

aligning with the global shift from economic growth to sustainability.2-6 The principles of green chemistry 

emphasize the need for catalysts that offer both high selectivity and good recyclability, integrating the 

benefits of both homogeneous and heterogeneous catalysts.7-9

Nanoparticles (NPs) have emerged as an attractive solution to meet this requirement.10-18  Their high 

surface-to-volume ratio not only enhances economic efficiency but also facilitates extensive inorganic-

organic interface interactions, providing versatile ways to modify their catalytic properties.19, 20 The 

influence of organic ligands on catalytic NPs is generally discussed in terms of their steric and electronic 

effects. 15, 20-24 The steric effect arises from the crowding of molecules on the NP surface, where densely 

adsorbed ligands allow substrate molecules to bind exclusively to the active site, thereby improving 

selectivity. 25, 26 The electronic effect involves charge transfer between NPs and surface-adsorbed species. 
24, 27, 28 This modified electronic structure can alter the energetics of catalytic reactions, favoring pathways 

that are otherwise thermodynamically unfavorable.

The selective hydrogenation of α,β-unsaturated aldehydes is a classic model reaction for studying 

chemoselectivity (Scheme 1).26, 29-32 Among the three possible hydrogenation products, the target compound 

is the unsaturated alcohol, which holds high synthetic utility and market value. However, hydrogenating 

the C=C bond is significantly easier than the C=O bond.26, 33  Therefore, achieving high selectivity requires 

developing methods to inhibit the hydrogenation of the C=C bond (pathways a and b) while allowing the 

hydrogenation of the C=O bond to proceed.

Scheme 1. Hydrogenation reaction pathways of α,β-unsaturated aldehyde.
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Previous studies have explored both steric and electronic effects in blocking C=C bond hydrogenation. 

The steric effect, achieved through thiol or amine self-assembled monolayers (SAMs) on the catalyst 

surface, can prevent the C=C bond from accessing the active site.26, 34 Electronic effect induced by adding 

ionic metal compounds as promoters was actively discussed until 1990s.35-37 Metal cations absorbed on the 

catalyst surface were believed to serve as adsorption sites for the C=O bond via the oxygen atom, thereby 

promoting its hydrogenation. These studies were mainly conducted in polar solvent mixtures (e.g. 

ethanol/water). Similarly, electron transfer in bimetallic systems such as Pt-Fe, Pt-Ni, and Pt-Co was 

suggested to induce a partial positive charge on non-catalytic atoms, enhancing their ability to interact with 

the C=O bond and facilitate its hydrogenation.38, 39 In dilute alloy catalysts, a third mechanism known as 

the ensemble effect was reported by Sachtler et al.40 Larger ensembles of metal atoms can favor the binding 

of C=C bonds, which is accompanied by the binding of C=O bonds due to the structure of the citral 

molecule. Conversely, smaller ensembles of metal atoms on the surface of dilute alloys can favor the 

"vertical" binding of C=O bonds.40-43

The variety of approaches discussed above highlights the complex nature of interfacial effects on 

catalytic surface selectivity. From previous studies, we have identified several key issues. First, α,β-

unsaturated aldehydes are prone to nucleophilic addition by amines and thiols, which limits the choice of 

ligands for inducing steric effects.44 Second, controlling the surface composition of alloy NPs is 

challenging. For instance, oxidation and leaching of Co atoms from the surface of CoPt3 NPs can occur 

even under mild conditions.45, 46 Consequently, the selectivity of alloy nanoparticle catalysts may suffer 

from potential durability and inconsistency problems.

In this study, we demonstrate that the addition of metal oleate to Pt NPs enhances their selectivity while 

maintaining high activity in the hydrogenation of α,β-unsaturated aldehydes. We observed that selectivity 

of Pt NPs increased from zero to as high as 93%, and the yield could be optimized up to 83% in our model 

citral hydrogenation reaction. These results indicate that surface modification of Pt NPs with transition 

metal oleates (e.g. Fe(oleate)3 and Co(oleate)2) can lead to design of catalysts that significantly 

overperformed the performance of corresponding alloyed NPs (e.g. FePt or CoPt3). Our results indicate that 

the increase in selectivity for C=O hydrogenation does not occur through the adsorption of the C=O bond 

of citral molecules by positively charged transition metal cations on the catalytic surface. Using X-ray 

photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), and X-ray absorption 

spectroscopy, we confirmed that Pt NPs become negatively charged due to charge transfer from Fe(oleate)3 

adsorbed on their surface. Furthermore, density functional theory (DFT) calculations showed that C=O 

bond hydrogenation is energetically favored over C=C bond hydrogenation on negatively charged Pt NPs. 

Our study not only provides a reliable solution for selective hydrogenation but also opens new possibilities 

for using metal oleates to achieve electronic ligand effects in nonpolar solvents.

Page 3 of 17 Nanoscale



4

Results and Discussion
The hydrogenation of citral was conducted in a nonpolar solvent such as dodecane using alkylamine-

capped 3.5 nm Pt NPs as the catalyst (Figure 1a, see Experimental Details). Cations of 3d transition metals 

(Mn+) were introduced to the reaction in the form of oleate compounds [M(oleate)n]. The metal oleates are 

soluble in organic solvents that allows for testing the effect of the concentration in a broad concentration 

range. The results from hydrogenation reactions with different metal oleates as additives are presented in 

Figure 1b (for compositional data and reaction pathways, see Figure S1 and Scheme S1 in the Supporting 

Information). Without any additives, the Pt NPs catalyzed both C=C and C=O hydrogenation 

indiscriminately, resulting in 100% conversion and zero selectivity. However, the addition of metal oleates 

significantly altered their catalytic behavior, increasing selectivity to as high as 93% while lowering 

conversion. Among the metal oleates tested, Fe(oleate)3 exhibited the highest yield. By optimizing the 

concentrations of both Pt and Fe(oleate)3, the yield was further improved to 83%.

We observed a clear qualitative relationship between additive concentration and the catalytic properties 

of Pt NPs. Figure 1c illustrates the effect of additive concentration on conversion and selectivity. With a 

fixed Pt concentration of 3.1 mM, selectivity rapidly saturates as the concentration of Fe(oleate)3 increases. 

An inverse relationship between conversion and selectivity is evident, where an increase in the latter 

accompanies a decrease in the former. Similar saturation behaviors are observed in reactions with 

Co(oleate)2 (see Figure S2 in the Supplementary Information).

When plotted on a semi-log scale, the selectivity curve exhibits a sigmoidal shape, with the saturation 

region beginning in the range of 1–10 mM [Fe3+] (inset in Figure 1c). This characteristic sigmoidal curve 

of selectivity fits well with the Hill–Langmuir equation (Figure S3 in the Supplementary Information), 

which describes an adsorption equilibrium between a protein (P) with n binding sites and a ligand (L): P + 

nL  PLn.47 Based on the fit result, we can hypothesize that by substituting Pt NPs for the protein P and 

Fe(oleate)3 for the ligand (L), the selectivity reflects the equilibrium ratio of Fe(oleate)3-decorated Pt NPs 

(PLn). This hypothesis is further supported by the data in Figure 1d. When the amount of Pt is increased 

tenfold while maintaining a constant molar ratio of Pt to Fe(oleate)3, conversion increases monotonically 

from 23% to 96%. Conversely, selectivity shows only a small decrease of 7%. Turnover numbers (TON) 

that correspond to the data in Figure 1c and Figure 1d are estimated and shown in Figure S4 in Supporting 

Information. Under the standard reaction condition with [Pt] = 3.1 mM, TON is above 140 when [Fe] is 

less than 0.05 mM and drops down to 29 with [Fe] = 111 mM ([Fe]/[Pt] = 35.8). We investigated the 

possibility of reduction and alloying of metal cations with Pt NPs during the hydrogenation reaction. XPS 

data for Co and Fe species of Pt NPs modified with Co(oleate)2 and Fe(oleate)3 before and after 

hydrogenation reaction show negligible changes in terms of their oxidation states (Figure S5 in the 

Supplementary Information SI). Additionally, when FePt and CoPt3 NPs were used as catalysts instead of 

Page 4 of 17Nanoscale



5

Pt NPs, despite having the same Pt concentration, they exhibited significantly different catalytic properties 

for citral hydrogenation, with yields of 9% and 0% of products with hydrogenated C=O bond for FePt and 

CoPt3 NPs, respectively (Figure S6 in the Supplementary Information). These observations effectively 

exclude the possibility of an alloying effect in our system. 

Figure 1. (a) Transmission electron microscopy image of Pt NPs used as catalyst for citral hydrogenation. (b) Conversion and 
selectivity for unsaturated alcohol from the reactions with different metal oleate additives. The concentrations of Pt and metal 
cations are fixed for all reactions in the left panel as indicated. In the right panel, the data from the optimal condition in panel d is 
shown. (c) Plots for conversion and selectivity as functions of [Fe3+] with Pt concentration fixed at 3.1 mM. In the inset, the same 
data are re-plotted in semi-log scale. (d) Plots for conversion and selectivity as functions of Pt concentration with the molar ratio 
of cation to Pt fixed at 5.7. 

The comparative binding of citral and Fe(oleate)3 onto the surface of Pt NPs was studied using FTIR to 

investigate the effect of metal oleate additive in greater detail (Figure 2a). Citral exhibits a strong peak at 

1685.5 cm-1 attributed to the stretching vibration of the C=O bond.48 As the concentration of Pt NPs 

increases to a [citral]:[Pt] ratio of 1:7.5, the C=O peak disappears, indicating the binding of the C=O group 

to the Pt surface, which suppresses the bond vibration.35, 49 However, upon the addition of Fe(oleate)3 to the 
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same mixture, the C=O peak reappears, suggesting the desorption of free citral. These observations imply 

that the presence of Fe(oleate)3 reduces the binding affinity of citral to the Pt NP surface, altering the 

adsorption equilibrium.

To further explore this hypothesis, mixtures of citral and Pt NPs with varying amounts of Fe(oleate)3 

were compared (Figure 2b). After one day, Pt NPs precipitated except in mixtures with a high concentration 

of Fe(oleate)3, due to ligand exchange between the long alkyl-chain surfactant and citral. Notably, Pt NPs 

capped with alkylthiol, which binds more strongly than alkylamine, maintained their colloidal stability 

without the additive.19, 50 Consequently, we deduce that the binding affinity of citral to pristine Pt NPs is 

intermediate between that for amine and thiol and can be significantly lowered by the adsorption of metal 

oleate onto the NPs.

We investigated the interaction between Pt NPs and Fe(oleate)3 using synchrotron X-ray absorption 

spectroscopy. X-ray absorption near edge structure (XANES) spectra of the Fe K-edge were measured for 

Fe(oleate)3 mixed with varying amounts of Pt NPs (Figure 3a). As the molar ratio of Pt increases, the spectra 

reveal significant changes in the coordination environment of the Fe atoms, with more Fe complex 

molecules adsorbing onto the NP surface. This is accompanied by a decrease in Fe-O correlation, as 

observed in the extended X-ray absorption fine structure (EXAFS) data (Figure 3b). EXAFS fitting analysis 

confirms the formation of Fe-Pt bonds upon adsorption (Table S1 in the Supplementary Information).

It is known that carboxylate ligands coordinated to Fe³⁺ ions generally favor a bidentate structure, either 

in chelate or bridging modes. However, conversion between monodentate and bidentate structures is also 

possible depending on the chemical environment of the complex.51, 52 We hypothesize that upon the 

adsorption of Fe(oleate)3 onto the surface of Pt NPs, the coordination geometry of the oleate ligand changes 

from bidentate with two Fe-O bonds to monodentate with one Fe-O bond and/or bridging bidentate with 

both Fe-O and Pt-O bonds. This structural change facilitates the formation of Fe-Pt bonds (see Scheme S2 

in the Supplementary Information). This also explains the simultaneous decrease and increase in the 

coordination numbers for Fe-O and Fe-Pt bonds, respectively. It is worth noting that we tested different 

transition metal salts such as chlorides and acetylacetonates (Figure S7). However, iron and cobalt oleates 

provided the highest selectivity. This observation points out to the importance of the dissociation event of 

the metal salt and coordination geometry of the adsorbed species.
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Figure 2. (a) FTIR spectra for citral, Pt NPs, and Fe(oleate)3 solutions in n-dodecane (lower) and their mixtures with different 
molar ratios (upper). In all mixtures, [citral] = 25 mM. (b) Effect of varying concentration of Fe(oleate)3 on precipitation of Pt NPs. 
In the rightmost vial, Pt NPs capped with n-dodecanethiol were used. In all mixtures, [citral] = 112 mM and [Pt] = 17.0 mM in n-
dodecane.

The effect of Fe(oleate)3 adsorption on the electronic structure of Pt NPs was measured using the XANES 

spectrum at the Pt L3-edge (Figure 3c). The intensity of the white line at the L3-edge reflects the d-band 

vacancy of Pt, serving as an indicator of charge transfer to the Pt NPs.53, 54 With an excess amount of the 

additive in the solution, we observed a reduction in the white line intensity compared to pristine Pt NPs 

(Figure 3d). This corresponds to a 1.35% decrease in the normalized absorption scale, as estimated by 

Gaussian curve fitting (Table S2 in the Supplementary Information), confirming an increase in the electron 

density of Pt. Analysis of XPS data obtained for 3.5 nm Pt NPs and Pt NPs modified with metal oleates 

(Co(oleate)2 and Fe(oleate)3) indicate that Pt oxidation states undergo changes during surface modification 

(Figure S8). The signals corresponding to 4f5/2 and 4f7/2 peaks in unmodified 3.5 nm Pt NPs centered at 

75.13 eV and 71.87 eV moved to 74.11 eV and 70.77 eV and 74.01 eV and 70.71 eV upon surface 

modification with Fe(oleate)3 and Co(oleate)2, respectively (Figure S8) that is indicative to more reduced 

state of Pt atoms at the surface of modified NPs. The combined evidence from X-ray absorption 

spectroscopy and XPS studies validates that the adsorption of Fe(oleate)3 onto the surface of Pt NPs results 

in the NPs becoming negatively charged. 

Before discussing how charge transfer from the Fe complex to Pt NPs modifies their catalytic properties, 

it is important to mention the classical mechanism for the effect of metal salt promoters on selective 

hydrogenation. As previously explained, metal cations adsorbed on the Pt surface selectively attract the 

lone electron pairs of oxygen on the C=O group, which facilitates the hydrogenation of its π bond.35, 36 This 

model, however, is only feasible in aqueous and other polar solutions where the promoters are easily 

ionized. In an organic medium such as in our system, it is unlikely that the C=O group can form a dative 

bond with the metal cation, which is surrounded and ionically bound by bulky oleate anions, to promote 
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selectivity. In other words, the enhancement of selectivity in our system cannot be explained by the 

coordination of the C=O bond by positively charged species.

Figure 3.  (a) Fe K-edge XANES spectra of Fe(oleate)3 and its mixtures with Pt NPs. (b) k2-weighted EXAFS data for the same 
samples as in panel a. (c) Pt L3-edge XANES spectra of Pt NPs with and without Fe(oleate)3. (d) Magnification of the area colored 
in grey in panel c.

We conducted density functional theory (DFT) calculations to characterize various adsorption 

configurations and their corresponding adsorption energies for a citral molecule on the surfaces of neutral 

and negatively charged 55-atom platinum clusters (Pt55), which were selected as models for the Pt 

nanocatalyst (see the Experimental Details). Notably, the configurations depicted in Figure 4a, referred to 

as “horizontal” and “vertical,” are directly relevant to the hydrogenation of the C=O bond and the C=C 

bond at the α,β-position.35, 49 In the horizontal adsorption arrangement, both the C=O bond and the C=C 

bond can be activated. In contrast, in the vertical arrangement, only the C=O bond can be hydrogenated, 

resulting in selectivity. To emulate negatively charged Pt NPs, we placed four Fe atoms on the surface of 

the Pt55 cluster. The charge transfer from the Fe atoms to the Pt cluster occurs because the electronegativity 

of Pt (2.28 on the Pauling scale) is significantly higher than that of Fe (1.83). The Fe atoms were arranged 

at positions opposite the citral adsorption sites to minimize interactions between the Fe atoms and the citral 
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ligand. Our calculations confirmed that the net charge of the Pt55 network in the Pt55Fe4 complex is negative. 

The calculated citral adsorption energies for the different adsorption configurations are shown in Figure 4b. 

The adsorption of citral in the horizontal arrangement on the bare Pt55 has the highest adsorption energy at 

2.607 eV. This value decreases significantly to 0.928 eV when citral is adsorbed horizontally on Pt55Fe4 

(negatively charged Pt55). In contrast, the adsorption energy in the vertical arrangement gets only slightly 

reduced from 0.994 eV on the bare Pt55 to 0.946 eV on Pt55Fe4, with the latter being higher than the 

corresponding value for horizontal adsorption on Pt55Fe4. These results indicate that supplying a negative 

charge to the cluster shifts the energetic preference from horizontal to vertical adsorption of citral. This 

finding aligns with earlier theoretical studies, which showed that charging Pt catalysts decreases C=C bond 

adsorption more than C=O bond adsorption due to the larger repulsive interaction experienced by the C=C 

bond.39 Theoretical proposals suggest that enriching the surface with electrons can be achieved by 

interfacing platinum with electron-donating supports such as titania or carbon.55 This enrichment can also 

be facilitated by using Pt (111) faces, employing metals with more extended d orbitals like osmium or 

iridium, or by avoiding open faces and steps in Pt catalysts.55

Figure 4. (a) DFT-calculated geometrically optimized structures of citral molecule adsorbed horizontally and vertically on Pt55 and 
Pt55Fe4 clusters. The color coding is as follows: Pt - cyan, Fe – brown, O – red, C - black, and H – tan. (b) Adsorption energies 
corresponding to the 4 adsorption configurations shown in panel (a). 

Our calculated results align with our measured data and provide an explanation for them. The observed 

enhancement in selectivity for C=O hydrogenation, induced by the addition of Fe(oleate)3 to the Pt NPs, 

and the increase in selectivity with the concentration of Fe(oleate)3 (Figure 4) are consequences of the 

electron-donating effect of Fe(oleate)3. The accompanying reduction in the reaction rate and conversion is 

due to the charge-transfer induced decrease in the binding energy of the substrate moleculemolecule. 

Weaker binding energy of the substrate molecules indicates that reactants do not readily interact with the 

catalyst that results in lower activity of the catalysts and hence lower activity of the catalysts. Indeed, we 
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experimentally observe that the increase of selectivity is accompanied by decrease in conversion of citral 

(Figure 1c). In order to achieve high conversion, it is required to increase the concentration of the catalysts, 

as we experimentally observed (Figure 1d). The calculated adsorption energy of citral on bare Pt55 in its 

preferred configuration is 2.607 eV, which falls between the adsorption energies of alkylthiol (above 3 

eV)50 and alkylamine (~1 eV).24 On the negatively charged Pt55, this value drops below 1 eV, which is less 

than that of alkylamine. These comparative adsorption energies are consistent with the experimentally 

observed binding affinities of citral, amine, and thiol (Figure 2).

To complement the DFT results, we conducted several control experiments to clarify the role of additives 

and the size effect of catalyst particles. First, we investigated whether surfactants other than metal oleate, 

with similar electron-donating effects, could enhance selectivity. Phosphine ligands are well-known soft 

Lewis bases with a strong binding affinity to the Pt surface.56, 57 As shown in Figure 5a, when the 

concentration of trioctylphosphine (TOP) is plotted as the additive, the conversion and selectivity exhibit 

similar behaviors to those in Figure 1c, although the overall yield is much lower (Figure S8).

Unlike TOP, both trioctylphosphine oxide (TOPO) and oleic acid (OLEA), which are weak binding 

molecules for Pt NPs, show little to no effect on the catalytic reaction, consistent with previous studies 

(Figure 5b, left panel, Figure S8).24 Additionally, we tested Pt black, with the particle size of 20 µm or 

smaller, instead of NPs as the catalyst (Figure 5b, right panel). Interestingly, reactions with and without 

Fe(oleate)3 showed no difference, achieving 100% conversion and 0% selectivity. This suggests that the 

charging effect of metal oleate diminishes at the bulk scale and that Fe(oleate)3 itself does not catalyze citral 

hydrogenation. This observation aligns with previous studies on intraparticle charge delocalization 

occurring between molecules bound to the surface of metallic NPs.58 Overall, these control experiments 

corroborate that the effect of metal oleate is due to its electron-donating nature at the surface of Pt NPs.

Figure 5. (a) Plots for conversion and selectivity as functions of [TOP] for citral hydrogenation using Pt NPs as catalyst and TOP 
as the additive. Pt concentration is fixed at 3.1 mM. (b) Conversion and selectivity for the reactions using Pt NPs with [Pt] = 3.1 
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mM (left panel) and Pt black with [Pt] = 100 mM (right panel) as catalyst. The concentrations of the additives are as follow; [TOPO] 
= 40.5 mM, [OLEA] = 31.7 mM, and [Fe(oleate)3] = 6.4 mM.

Conclusions
We unveiled the interfacial electronic effect induced by metal salts in nonpolar organic solvents and 

demonstrated their applicability for the selective hydrogenation of α,β-unsaturated aldehyde to unsaturated 

alcohol using Pt NPs as the catalyst and metal oleate as the additive. Our findings reveal that metal oleate, 

unlike conventional Lewis basic ligands, can facilitate charge transfer to Pt NPs. This charge interaction 

between metal oleate and Pt NPs is strong enough to enhance catalytic properties, increasing selectivity 

from zero to as high as 93%. We also established a relationship between the increased electron density in 

Pt NPs and enhanced selectivity. Experimentally, we observed that the selectivity depends on Fe(oleate)3 

at the surface of Pt NPs, following the Hill–Langmuir equation, which describes the cooperativity of ligand 

binding to proteins. Experimental data are indicative to the charge transfer from adsorbed species 

originating from the addition of transition metal oleates to Pt NPs resulting in a negative charge at the Pt 

surface, which promotes the preferred adsorption of C=O groups and their selective hydrogenation. These 

experimental data are consistent with the data of DFT calculations on Pt55 clusters modified with Fe atoms. 

This mechanism differs from previously reported ideas, which suggested that a local positive surface charge 

was necessary for enhanced adsorption of C=O groups in α,β-unsaturated aldehydes. Broadly, this strategy 

for designing highly selective and active catalysts can be extended to other catalytic processes. Unlike 

common ligands such as alkylamine and alkylthiol, organic salts are relatively stable and inactive towards 

the substrate molecules. This stability makes the reaction system more reliable, especially in the presence 

of unwanted side reactions between the substrate and Lewis basic ligands. Consequently, metal oleate can 

serve as an excellent alternative or even superior substitute for conventional ligands in selective 

hydrogenation systems. We anticipate that the potential of using organic salts can be realized in other 

reaction systems in nonpolar organic solvents59 that is important due to the solubility of substrate molecules, 

better stability of the catalysts, enhanced reaction rates, and synthetic versatility nonpolar solvents offer.

Experimental Section
Catalytic hydrogenation of citral. Pt, FePt, and CoPt3 NPs as catalyst and metal oleate as the additive 

were synthesized following previously reported methods. 24, 60 Commercial Pt black (≤20 µm, 25 m2 g-1) 

was purchased from Aldrich. The NPs were thoroughly washed by repeated dispersion and precipitation to 

remove any residual surfactants that can interact with the substrate (see Figure S10 in SI). The 

hydrogenation reaction was carried out under H2 atmosphere (200 psig) at room temperature for 3 hr in a 

stainless-steel reactor. During the reaction, the solution was stirred at 7000 rpm. In a standard condition, 

the reaction solution was prepared by dispersing Pt NPs in 1.0 mL dodecane containing 3.75 wt % (185 
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mM) of citral. The atomic concentration of Pt in the solution was measured by inductively coupled plasma 

(ICP) analysis.

Characterization. Transmission electron microscopy (TEM) measurement was performed by using a 

JEOL 2100F microscope operated at 200 kV. Composition of the solutions before and after hydrogenation 

reactions were analyzed by GC-MS system consisting of an Agilent 6890 GC system and a 5973 Network 

Selective Detector. FTIR spectrum was obtained by using a Bruker Vertex 70 spectrometer equipped with 

mercury cadmium telluride detector. Specimen for FTIR characterization was prepared by placing a drop 

of the sample solution on KBr pellet. 

XPS measurement was performed by using a Shimadzu Kratos Axis Nova spectrometer with 

monochromatic Al Kα source (1486.6 eV). High-resolution spectra were collected using an analysis area 

of 0.3×0.7 mm2 and 20 eV pass energy with the step size of 100 meV. Charge neutralization was performed 

using a co-axial, low energy (≈ 0.1 eV) electron flood source to avoid shifts in the recovered binding energy. 

C 1s peak of adventitious carbon was set at 284.8 eV to compensate for any remaining charge-induced 

shifts. The XPS spectra on unmodified Pt NPs were collected on a Thermo K-alpha XPS system with a spot 

size of 400 µm and a resolution of 0.1 eV. All spectra were processed using THermo Avantage, a software 

package provided by ThermoScientific. Specimen for XPS was prepared by drop-casting NPs in toluene on 

a zero-background offcut Si substrate. 

X-ray absorption spectroscopy measurements on Fe K-edge and Pt L3-edge were carried out at the 

MRCAT 10-ID beamline at the Advanced Photon Source, Argonne National Laboratory. The spectra were 

recorded in the transmission mode with samples deposited on Kapton tape. The spot size of the incident X-

ray beam on the sample was 400×400 μm2. Pt and Fe foils were measured as reference for every scan. Ten 

scans were recorded for each sample to ensure repeatability and averaged to improve statistics. XANES 

and EXAFS data were processed and analyzed by using ATHENA software.61 We measured and averaged 

in analysis at least 10-12 scans for each edge and we fitted Pt and Fe EXAFS data simultaneously. 

Computational details. The calculations were performed within the gradient-corrected DFT framework 

using the VASP package62 with the PBE exchange-correlation functional63 and plane-wave basis set kinetic 

energy cut-off value of 400 eV. The projector augmented-wave (PAW) method64, 65 was used to account for 

the interactions of the valence electrons with the cores. The valence configurations of the atoms were 

Pt[6s15d9], Fe[3d74s1], O[2s22p4] and C[2s22p2]. The Brillouin zone integration was done at the gamma 

point. The energy convergence criterion used was 10-6 eV. The cuboctahedral form of the 55-atom Pt 

cluster, which is a fragment of the fcc bulk Pt, was chosen to model the Pt nanocatalyst. The adsorption of 

the geranial conformation of citral was considered. A large supercell of 25x25x25 Å3 was utilized to 

minimize the interaction of the system with its periodic images. The bare Pt55 cluster, the free citral 

molecule, the cluster with the citral on it, the cluster with 4 Fe atoms on it, and the cluster with the citral 
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and 4 Fe atoms on it were fully optimized without symmetry constraints using gradient-based techniques 

as implemented in VASP. The resulting geometries were considered as converged when the residual forces 

were less than 0.02 eV/Å. The adsorption energies 𝐸𝑎𝑑𝑠 of the citral on the cluster without and with the Fe 

atoms on it were calculated as

𝐸𝑎𝑑𝑠 =  𝐸𝑃𝑡55[𝑃𝑡55𝐹𝑒4] + 𝐸𝑐𝑖𝑡𝑟𝑎𝑙 ― 𝐸𝑃𝑡55―𝑐𝑖𝑡𝑟𝑎𝑙[𝑃𝑡55𝐹𝑒4―𝑐𝑖𝑡𝑟𝑎𝑙],

where 𝐸𝑃𝑡55[𝑃𝑡55𝐹𝑒4] is the energy of the optimized Pt55 without or with the 4 Fe atoms on it, 𝐸𝑐𝑖𝑡𝑟𝑎𝑙 is the 

energy of the optimized free citral molecule,  and 𝐸𝑃𝑡55―𝑐𝑖𝑡𝑟𝑎𝑙[𝑃𝑡55𝐹𝑒4―𝑐𝑖𝑡𝑟𝑎𝑙] is the energy of the optimized 

Pt55-citral or Pt55Fe4-citral complex. The charge analysis was performed using the Bader scheme.66 
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