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Abstract: Ligand-stabilized palladium nanoparticles deposited on a 
carbon carrier efficiently catalyze the direct synthesis of H2O2 and 
the unique performance is due to their hybrid nanostructure. 
Catalytic testing demonstrated that the selectivity increases with the 
HHDMA ligand content from 10% for naked nanoparticles up to 80%, 
rivalling that obtained with state-of-the-art bi-metallic catalysts. 
Furthermore, it remains stable over five consecutive reaction runs 
owing to the high resistance towards leaching of the organic moiety, 
arising from its covalent bond with the metal surface. As rationalized 
via Density Functional Theory, this behavior is attributed to the 
adsorption mode of the reaction intermediates on the metal surface. 
Whereas they lie flat in the absence of the organic shell, their 
electrostatic interaction with the ligand result in a unique vertical 
configuration which prevents further dissociation and 
overhydrogenation. These findings not only have strong practical 
relevance for the industrial implementation of the process, but also 
show the importance of understanding the substrate-ligand 
interaction to develop smart hybrid catalysts. 

Hydrogen peroxide, H2O2, attracts growing attention as a green 
alternative to traditional stoichiometric oxidants in a wide range 
of applications within the textile, pulp bleaching, waste water 
treatment, metallurgy, cosmetic, and pharmaceutical industries. 
Owing to the advantages of its use, i.e. the high atom economy 
and the generation of water as the only byproduct,[1] an increase 
of its global market value from 3.7 to 6.0 billion USD between 
2014 and 2023 is forecasted.[2] Nowadays, the production of 
H2O2 relies exclusively on the anthraquinone process, which, 
despite being safe and suitable for continuous operation, 
involves the use of quinones and solvents resulting in energy-
intensive purification steps and the generation of vast amounts 
of waste, thus being competitive only at large scale.[1,3] The 
direct synthesis of H2O2 is an appealing alternative that has the 
potential to be exploited in decentralized plants at any scale due 

to the (i) absence of organic substrates, (ii) utilization of green 
solvents such as water or methanol, and (iii) simplified 
purification.[1,4] Its applicability has been widely investigated as 
such or in tandem with selective oxidation reactions using 
heterogeneous or, seldom, homogeneous catalysts.[5] Albeit the 
number of advantages over the traditional route, its industrial 
implementation has been hindered by the low selectivity of the 
most active catalyst identified, i.e. supported Pd nanoparticles 
(NPs).[6] Indeed, besides facilitating the reaction between 
molecularly adsorbed O2 and H atoms, Pd NPs favor O2 
dissociation leading to undesired water formation (Scheme 1).[7] 
To overcome this limitation, the addition of a second metal, 
chiefly Au or Sn, which was shown to generate active sites that 
prevent O-O bond cleavage, resulted in the most selective 
catalysts reported to date.[8] Still, the added loading of costly 
and/or toxic metals hampers their widespread utilization.  
In our quest to develop a superior catalyst, we were attracted by 
nanostructured hybrid materials, incorporating active metal NPs 
covered by an adsorbed layer of large organic molecules, such 
as polymers or surfactants.[9] The latter not only prevent the 
aggregation of the active phase, but were also demonstrated to 
boost the selectivity in the stereospecific hydrogenation of 
carbonyl groups, the partial hydrogenation of alkynes, 
nitroaromatics, and unsaturated epoxides, and the alcoholysis of 
silanes owing to the blockage of unselective facets, the 
modification of the adsorption energies of reactants, 
intermediates, and products, the precise control of surface 
structures, or the interfacial electronic effect.[10] Despite these 
encouraging results, they remain overlooked in the context of 
direct H2O2 synthesis, where only poly-vinyl alcohol (PVA)-
capped Pd particles were recently suggested to limit O2 
dissociation.[11] Although the initial H2O2 selectivity was notable 
(ca. 95%), it rapidly decreased due to leaching of the organic 
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Scheme 1. Reactants, products, and relevant adsorbed intermediates in the 
(a) direct synthesis of H2O2 and the side reactions leading to water formation
via (b) unselective O2 hydrogenation, (c) H2O2 hydrogenation, and (d) H2O2

decomposition over supported Pd catalysts. 
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Table 1. Characterization data of the Pd catalysts. 

Catalyst Pda 
wt% 

HHDMA/Pda 
mol mol−1

 

Nb 
wt% 

DCO
c 

% 

Pd/C 1.0 0.0 0.0 5 

Pd-HHDMA1/C 0.7 0.7 0.1 12 

Pd-HHDMA2/C 0.8 1.0 0.2 13 

Pd-HHDMA3/C 0.6 4.3 0.3 12 

Pd-HHDMA4/C 0.5 8.2 0.4 13 

Pd-HHDMA5/C 0.6 11.1 0.7 10 

Pd-HHDMA5/TiS 0.5 8.3 0.5 14 

a Inductively coupled plasma-optical emission spectroscopy (ICP-OES). 
b Elemental analysis. c Pd dispersion by CO pulse chemisorption.  

moiety, resulting in particle agglomeration. Herein, we show for 
the first time the suitability of carbon-supported, hexadecyl-2-
hydroxyethyl-dimethyl ammonium dihydrogen phosphate 
(C20H44NO5P, HHDMA)-capped Pd NPs as catalyst in the direct 
synthesis of H2O2. This material benefits from the non-toxic 
nature of the ligand and its hybrid structure has been proved 
stable upon alkyne hydrogenation.[10b] Furthermore, we 
demonstrate via the combination of experimental and 
computational evidences at the Density Functional Theory (DFT) 

level the crucial role of the ligand in attaining an efficient catalyst. 
To this end, a series of Pd catalysts with ca. 0.6 wt% metal 
loading labelled as Pd-HHDMAn/C, where n = 1-5 denotes 
increasing HHDMA/Pd molar ratios,[12] and a catalyst (1.0 wt% 
Pd loading) featuring naked NPs prepared by dry impregnation 
(Pd/C) were evaluated. Additionally, a titanium silicate-supported 
Pd material (Pd-HHDMA5/TiS) was confronted to its C-supported 
counterpart to unravel the role of the support. Compositional 
analysis of the solids (Table 1) revealed that both the N content 
and HHDMA/Pd molar ratio increased from Pd-HHDMA1/C to 
Pd-HHDMA5/C in line with the higher amount of ligand used in 
the preparation. Transmission electron microscopy (TEM) 
(Figure 1) showed that the Pd NPs possessed a uniform 
spherical shape with an average diameter of around 4 nm. 
Despite they were unevenly distributed over the carbon support, 
no evidence of particle agglomeration was observed, which is 
related to the function of the ligand moiety in separating the 
metal phase during the synthesis. Indeed, examination of the Pd 
dispersion (Table 1) revealed similar values for all the HHDMA-
modified samples,[13] which was higher than that attained via 
conventional impregnation (Pd/C).  
Assessment of the catalytic response of the Pd/C catalyst in the 
direct synthesis of H2O2 displayed comparable results to those 
previously reported for these materials.[6] Upon an increase of 
the HHDMA ligand content (Figure 2a), augmented H2O2 
productivity as well as selectivity to H2O2 was observed. In line 
with its highest ligand content, Pd-HHDMA5/C exhibited the 

Figure 1. TEM of (a) Pd-HHDMA3/C, (b) fresh and (c) used Pd-HHDMA5/C. The inset shows the particle size distributions and the scale bar applies to all the 
micrographs. 

Figure 2. (a) Effect of the HHDMA/Pd molar ratio on the rates of H2O2 formation, decomposition, and hydrogenation and on the H2O2 selectivity. (b) Fraction of 
the initial activity and H2O2 selectivity over Pd-HHDMA5/C upon 5 consecutive runs. Conditions: T = 273 K, P = 40 bar, 3.75 vol% H2; 7.50 vol% O2; 
88.75 vol% N2, mcat = 10 mg in 5 cm3 of 67 vol% methanol in water. 
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highest productivity (8.4 molH2O2 h−1 gPd
−1) and selectivity (80%), 

surpassing most of the state-of-the-art materials (Table 2). The 
H2O2 selectivity was comparable to that attained for the 
bimetallic AuPd system but lower than that recently reported for 
SnPd alloys supported on TiO2. Furthermore, the H2O2 
hydrogenation activity was hindered upon increased amount of 
HHDMA and was negligible for the best-performing 
Pd-HHDMA5/C catalyst. Additional H2O2 decomposition 
experiments showed that the rate of this reaction did not depend 
on the ligand content neither on the carbon support, despite a 
different C support was used for the industrial preparation of 
Pd-HHDMA5/C.Accordingly, similar results were attained upon 
evaluation of the sole activated carbon (Table S1). The key 
influence of the support on this transformation was confirmed by 
the high decomposition rates observed over the bare TiS, which 
limited the productivity of Pd-HHDMA5/TiS to 
0.3 molH2O2 h−1 gPd

−1. Finally, the stability of the Pd-HHDMA5/C 
catalyst was evaluated by monitoring the performance over 5 
consecutive runs (Figure 2b), revealing that both the 
productivity and selectivity to H2O2 were maintained. Additional 
characterization of the used catalyst showed that, in contrasts to 
previous reports,[11b] the morphology of the Pd NPs was fully 
preserved (Figure 1c) and no leaching of Pd or ligand was 
observed upon ICP-OES analysis of the reaction mixtures.  
DFT calculations performed over Pd(111) and Pd(111)-HHDMA 
surfaces enabled to resolve the key role of the ligand at the 
molecular scale. The complex structure of the hybrid surface has 
been disclosed previously, and was shown to comprise strongly 
adsorbed H2PO4

− groups, whose charge is compensated by the 
ammonium headgroups of the organic surfactant.[10b] The direct 
synthesis of H2O2 proceeds via O2 adsorption followed by two 
subsequent hydrogenation steps leading to an hydroperoxyl 
(OOH) and to H2O2. Overall, the activation energy for this path is 
lower on the naked (0.74 eV, 1 eV = 96 kJ mol−1) than on the 
hybrid Pd surface (1.18 eV, Table S2). Nevertheless, the 
different selectivity observed experimentally can be explained 
considering the activation barriers for the selective and 
unselective transformations of the OOH intermediate (Figure 3 
and Table S2). The overhydrogenation and decomposition 
pathways are favored over Pd(111) compared to the formation 
of H2O2 (Figure S1). In contrast, on the Pd(111)-HHDMA 
surface, not only the hydrogenation of the adsorbed OOH 
intermediate to H2O2 is preferred versus the overhydrogenation 
to water, but also the desorption of the product is energetically 
 

Table 2. Comparison of the performance of the Pd-HHDMA5/C catalyst with 
state-of-the-art materials. 

Catalyst Pd 
wt% 

Ligand SH2O2 
% 

rH2O2 formation 
molH2O2 h

−1 gPd
−1

 

Ref. 

Pd-HHDMA5/C 0.6 HHDMA 80 8.4 This work 

Pd/C nanofibers 1.0 PVA n.a. 0.6 13 

Pd/N-doped C 0.9 PVA 45 14.2a 11a 

Pd/C 5.0 none n.a. 2.7 6 

AuPd/C 2.5 none 80 4.4 8b 

SnPd/TiO2 3.0 none 96 2.0 8c 

a H2SO4 was added to the reaction medium as promoter.  

advantageous over its further hydrogenation and/or 
decomposition. Notably, the presence of the ligand increases 
the activation energy of the two side reactions. Furthermore, 
water formation attributed to O2 dissociation is only feasible on 
the naked Pd surface, while it is thermodynamically impeded on 
the Pd(111)-HHDMA surface (Table S3). Other hydrogenation 
pathways, involving the protonation of adsorbed species due to 
interfacial acidity,[14] are likely not taking place if the low energy 
barriers for H2 dissociation and OOH formation are considered. 
The differences in the energy profiles between the naked and 
the hybrid Pd NPs arises from the adsorption configuration of O2 
and the hydroperoxyl radical. These intermediates flatten on the 
Pd(111) surface (Figure 3 and S2), thus favoring the cleavage 
of the O-O bond. In contrast, on Pd(111)-HHDMA, the 
electrostatic interaction of the adsorbed intermediates with the 
H2PO4

− group and the quaternary ammonium headgroups of 
HHDMA molecule enables the peculiar vertical configuration of 
the intermediate, impeding the cleavage of the O-O bond and its 
overhydrogenation. This is reflected by the decrease of the 
average atomic O-N distance from 6.64 to 5.95 Å between the 
horizontal and the vertical adsorption (Figure S3). Such a 
ligand-imposed adsorption geometry resembles that observed at 
the active site of metalloenzymes, where the allowed reaction 
paths are determined by the directionality of the interaction 
between the substrate, the metal center, and the amino acid 
residues in the surroundings. Whether this behavior is unique to 
the HHDMA ligand clearly merits further exploration, especially 
as the interests in the role of electric fields in boosting selectivity 
is growing.[15] Finally, it should be noted that, apart from the 

Figure 3. Activation energies for the direct synthesis of H2O2 and the side reactions leading to water formation via H2O2 hydrogenation and decomposition. The 
drawings represent the adsorption configuration of the hydroperoxyl (OOH) radical on Pd(111) and Pd(111)-HHDMA surfaces. 



COMMUNICATION          

 
 
 
 

molecular reorientation on ligand-decorated structures, 
previously proposed as selectivity descriptors,[10e] steric 
hindrance caused by the presence of the ligand can also 
contribute to the observed selectivity patterns as observed on 
earlier studies with bulkier molecules.[10b] However, the small 
size of the molecules involved in this case results in a negligible 
impact of the ensemble confinement on the selective 
performance. 
In conclusion, we have shown the outstanding activity, selectivity, 
and stability of carbon-supported HHDMA-capped Pd NPs in the 
direct synthesis of H2O2. Their performance was correlated with 
the amount of HHDMA ligand on the surface of the metal. DFT 
attributed this behavior to the adsorption mode of the reaction 
intermediates, deriving from their electrostatic interactions with 
the surfactant. The attained results not only demonstrate the 
applicability of hybrid materials for the direct synthesis of H2O2 
but also highlight the importance of understanding the molecular 
role of the organic ligand for the design of novel nanocatalysts. 

Experimental Section 

Pd-HHDMAn/C (n = 1-4) catalysts were prepared by immobilization onto 
activated carbon of colloids obtained using Na2PdCl4 as Pd precursor 
and varying amounts of HHDMA as stabilizing and reducing agent 
following the experimental protocol described elsewere.[16] 
Pd-HHDMA5/C (NanoSelect LF 100TM) and Pd-HHDMA5/TiS (NanoSelect 
LF 200TM), prepared industrially over unspecified carbon and titanium 
silicate supports following a similar procedure, were used as received. 
Pd/C was prepared by dry impregnation of activated carbon using 
Na2PdCl4 as the metal precursor. The compositional and structural 
properties were studied by ICP-OES, elemental analysis, CO pulse 
chemisorption, and TEM measurements. Direct synthesis of H2O2 was 
conducted in a batch reactor at 273 K and a total pressure of 40 bar 
(3.75 vol% H2; 7.50 vol% O2; 88.75 vol% N2) using a 67 vol% 
methanol/water mixture as solvent and 10 mg of catalyst. H2O2 (60 mM in 
67 vol% methanol/water) hydrogenation and decomposition experiments 
were performed at 40 bar under 3.75 vol% H2/N2 or N2 atmosphere, 
respectively. The reaction mixture was stirred for 30 min and the H2O2 
formed was quantified by titration with KMnO4. The stability of Pd-
HHDMA5/C was assessed upon 5 consecutive catalytic runs. 
DFT calculations were conducted with the Vienna ab initio Simulation 
Package (VASP),[17] using the RPBE functional and a kinetic cut-off 
energy of 450 eV. The Pd(111) slabs were constructed with five atomic 
layers which were periodically repeated and separated by a vacuum gap 
of 15 Å. The surface contained four adsorbed HHDMA molecules, whose 
alkyl chain has been shortened to lighten the calculations. The 
optimization thresholds were 10-5 eV and 0.001 eV Å-1 for electronic and 
ionic relaxations, respectively. Further details on catalyst preparation, 
characterization, testing, and DFT simulations are given in the 
Supporting Information. 
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In the ligand we trust: hybrid palladium nanoparticles are selective and stable 
catalysts for direct H2O2 synthesis. The ligand stabilizes the hydroperoxyl 
intermediate in a vertical configuration preventing side reactions (dissociation and 
overhydrogenation) compared to naked metal nanoparticles, where flat 
intermediates are readily converted to water. 
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