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ABSTRACT: There is a critical need for sustainable routes to produce hydrogen peroxide, H202. A promising approach in-
volves direct synthesis from molecular hydrogen and oxygen at (sub)ambient temperatures using unmodified supported Pd
catalysts, which are limited by low selectivities. Controlling the environment of Pd active sites via surface-ligands is shown to
enhance selectivity. Trends among a myriad of surface-ligands (i.e., phosphines, thiols, weakly-bound molecules) suggest that
those containing H-bonding groups lead to outmost H202 production, potentially by effecting reaction energetics via H-bond-
ing with key intermediates. These insights lay the groundwork for ligand design to achieve optimal catalyst performance for

H20:2 synthesis.

Global demand for hydrogen peroxide (H202) has in-
creased significantly in recent years due to its importance
as an oxidant in a number of industrial processes.!-¢ H202 is
commercially synthesized by the sequential hydrogenation
and oxidation of anthraquinones in a mixture of organic sol-
vents; a process challenged by high energy input, significant
generation of waste, and complex liquid-liquid separa-
tions.1-37 Hence, there is a critical need for developing more
sustainable H202 production processes. This has led to the
identification of alternative photocatalytic*-¢8, electrocata-
lytic®-12, and bioinspired routes!3-15, Among these, the direct
synthesis of H202 from molecular hydrogen (Hz) and oxygen
(02) at (sub)ambient temperatures is an attractive ap-
proach.t® Pd is widely used to catalyze this process, how-
ever, achieving selectivities >50% is a challenge using un-
modified Pd-based catalysts, due to promotion of 0-O bond
activation that leads to undesired H20 production
(Scheme 1).1718 Several alternatives, including the use of
Pd-based bimetallic catalysts, such as Pd-Au®®-32, Pd-Ag33:34,
Pd-Pt34-37, Pd-Ru38, Pd-Sn2139 and Pd-Sb*® have been pro-
posed to enhance H20:2 selectivity. However, many of these
still face challenges related to the need for chemical and/or
thermal treatments to effectively inhibit H202 hydrogena-
tion, along with the high cost and toxicity introduced by the
secondary metal.?1640-42
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Scheme 1. Reaction pathways for: (a) formation of
H20: (desired path, green) from Hz and Oz, (b) total ox-
idation (red), leading to the formation of H20 (unde-
sired side product), (c) Hz02 decomposition to Hz0
(red), and (d) Hz0z hydrogenation (red).

(b)

An approach for enhancing the H202 selectivity of Pd-
based catalysts involves tuning the three-dimensional envi-
ronment of the metal active sites using surface-bound lig-
ands.2>%3-49 [t has been reported that organic capping lig-
ands, such as polyvinyl alcohol (PVA), on Pd nanoparticles
(NPs) act as surface blockers to the sites that catalyze the
undesired 0-O bond-breaking reactions, consequently en-
hancing the H:0:2 selectivity.?> We also showed the im-
portance of hexadecyl-2-hydroxyethyl-dimethyl ammo-
nium dihydrogen phosphate (HHDMA) ligands bound to Pd
in enhancing H202 production.*3> However, general trends
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Figure 1. (a) Transmission electron micrograph (TEM) of
Pd-HHDMA NPs in solution and supported on carbon (in-
set). (b) Histogram of the Pd particle size distribution in
(a).

across various ligands to facilitate universal design strate-
gies for optimizing metal-ligand interactions for this chem-
istry have not been explored.

Herein, we investigate the effect of a series of surface-
bound ligands on the catalytic performance of Pd NPs sup-
ported on carbon for H202 synthesis. Activated carbon was
chosen as support due to its ability to suppress side reac-
tions.175051 We explored modification of Pd NPs with lig-
ands using solution-based methods, and post-modification
of a commercial Pd/C catalyst with self-assembled mono-
layers (SAMs). Pd NPs were synthesized via a colloidal
method involving the reaction of sodium tetrachloropalla-
date(II) (NazPdCls) and HHDMA in water at 80 °C. HHDMA
was used consistently for synthesizing Pd NPs to circum-
vent any artifacts that arise from direct synthesis of NPs us-
ing various ligands. Microscopic analysis of the synthesized
Pd NPs showed an average Pd NP diameter of 1.3 £ 0.4 nm
(Figure 1). The exchange of the HHDMA ligand on the Pd NP
surface with a series of ligands characterized by varying
binding modes and functionalities (polyethylene glycol
(PEG), hexadecyltrimethylammonium bromide (CTAB),
mercaptosuccinic acid (MSA), oleylamine (OAm),
trioctylphosphine (TOP), see Chart S1) was achieved using
two approaches: (i) a concentration gradient approach for
exchanging HHDMA with hydrophilic ligands, such as PEG
(Pd-PEG), CTAB (Pd-CTAB) and MSA (Pd-MSA), and (ii) a
phase exchange approach for hydrophilic ligands, such as
TOP (Pd-TOP) and OAm (Pd-OAm) (Supporting Infor-
mation). Ligand exchange was confirmed using attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
studies (Figure S1). Hz/D: scrambling experiments were
used as a relative measure of the active Pd surface area for
H: dissociation on the catalysts. The apparent rates for
Hz/D; exchange are shown in Table S1. The highest rate was
observed for carbon-supported Pd-PEG followed by Pd-
HHDMA, Pd-MSA and Pd-TOP. Given the similarity in the Pd
NP size for all systems, variations in the available surface
area of Pd for Hz dissociation could be associated with the
difference in the ligand coverage on the Pd NP surface. This
was supported by X-ray photoelectron spectroscopy (XPS)
studies, which showed that the ratio of P-containing ligand
to Pd (P/Pd) for carbon-supported Pd-TOP (0.15) was
higher than that for carbon-supported Pd-HHDMA (0.11)
(Table S2 and Figure S2).

Catalytic data of carbon-supported Pd NPs modified with
various ligands (TOP, OAm, MSA, HHDMA, PEG, CTAB) are
shown in Figure 2 and Table S3. The H202 production rate
for all catalysts followed the same order as the rates of
Hz/D2 exchange, suggesting that the active sites for gas-

phase H: dissociation might be similar to those required for
the same process in H202 synthesis (Figure S3). The best
catalytic performance was observed for carbon-supported
Pd NPs capped with HHDMA, PEG, and MSA. We previously
reported that the high selectivity of Pd-HHDMA based cata-
lysts stemmed from (i) steric hindrance induced by the long
ligand chain, and (ii) the strong adsorption of H2PO4 on the
Pd surface eliminating 0-O bond-breaking leading to side
reactions.*? While these factors might be important for Pd-
HHDMA, they do not explain the remarkable performance
of Pd-PEG and Pd-MSA, since these ligands are character-
ized by different chain lengths and binding modes to the Pd
surface. One common characteristicamong the most selec-
tive ligands is related to the OH functionality in their struc-
ture (Chart S1), which promotes hydrogenation of the OOH
intermediate to H202z, as opposed to 0-O bond-breaking
leading to H20 production. The mechanism by which this oc-
curs could be similar to the solvent effects reported by Wil-
son and Flaherty'8, who showed that H-bonding between
the solvent molecules and the OOH and H202 surface species
selectively promoted H202 production. In the case of the lig-
ands without OH functionality, we observed an increase in
the rate for H202 production that scaled with the bulkiness
of the ligands (TOP > OAm > CTAB), suggesting a potential
effect induced from steric hindrance arising from the lig-
ands.

It is generally reported that hydrogen interaction with
the Pd surface plays a key role in direct H202 synthesis.52 To
probe this interaction, we analyzed the Pd L3-edge X-ray ab-
sorption near-edge structure (XANES) on Pd-HHDMA/C,
Pd-PEG/C, P-TOP/C under He and after exposure to 10 vol%
Hz/He at room temperature. While these conditions are not
the same as those for H20: synthesis, they provide insights
regarding changes in hydrogen-Pd-surface interactions in-
duced by modifications with various ligands. Figure S4
shows the Pd Ls-edge XANES of supported Pd catalysts with
various ligands under He and Hz atmospheres. Upon expo-
sure to Hz, a broad peak at 3181 eV appears for Pd-
HHDMA/C and Pd-PEG/C along with a decrease in the in-
tensity of the white line height of the main Pd L3 edge (Fig-
ure S4); while no changes were observed for Pd-TOP/C. The
decrease in the intensity of the white line of Pd L3 edge for
Pd-HHDMA/C and Pd-PEG/C is mainly due to the reduction
of any oxidic Pd under H2.53 The broad peak at 3181 eV is
associated with the formation of Pd hydride (PdHx), which
results from the mixing of the hydrogen 1s orbital with the
electronic states of Pd, forming new Pd states above the
Fermi level.5* The intensity of the hydride peak in Pd cata-
lysts has been previously related to differences in Pd parti-
cle size or surface characteristics.>2-57 Given that all the cat-
alysts analyzed have the same particle size distribution, we
assign the variations in the PdHx peak intensity to Pd sur-
face-ligand interactions. Furthermore, Pd NP size in these
catalysts is <2.6 nm, suggesting that a-phase Pd hydride is
dominant.>> The extent of a-phase hydride formation in Pd
catalysts has been reported to impact on H20: selectivity.>?
Figure 3a shows the difference spectra at the Pd L3 edge (ob-
tained by subtracting the spectra in He and H2) for all cata-
lysts, highlighting differences in the extent of PdHx for-
mation as a function of Pd catalysts with various ligands. A
correlation between the intensity of the PdHx peak and H20:
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Figure 2. Catalytic performance (selectivity (Sy,0,), yield (Yy,0,) and rate (ry,o,) of H202 production) of Pd NPs with
various ligands supported on activated carbon. Reaction conditions: T= 0 °C, P= 40 bar, 3.75 vol% Hz; 7.5 vol% O2; 88.75
vol% N2z, Mcat= 10 mg in 5 mL of 67 vol% methanol in water. Standard deviation based on 3 independent repetitions
was estimated as £10% and 4% for the rate of H20:z production and selectivity, respectively.

selectivity of these catalysts is observed (Figure 3b). Inter-
estingly, supported Pd NPs with surface-bound ligands (Pd-
HHDMA/C and Pd-PEG/C) characterized by OH functional-
ity were found to exhibit the highest PdHx formation and
H:0:2 selectivity. While it is unclear if and how ligand OH
functionality effects PdHx formation, it is obvious that both
of these characteristics are linked to high H202 selectivity.

To expand the window of surface modifiers, impregna-
tion of a commercial 1 wt% Pd/C catalyst with a variety of
organic molecules tailored across a wide range of functional
group chemistries (i.e., phosphonicacid (PA) and thiol mod-
ifiers (Chart 1)) was used. Impregnation of commercial 1
wt% Pd/C had a significant ligand-dependent impact on the
H:0: selectivity (Table 1). Adamantanethiol (AT)-modified
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Figure 3. (a) Pd Ls-edge difference spectra for Pd/C ob-
tained by subtracting the spectra for Pd/C in 10 vol%
Hz/He from those in pure He. (b) PdHx peak intensity in
(a) along with H202 selectivity (Sy,0,) for Pd catalysts
with various ligands. Reaction conditions: T= 0 °C, P= 40
bar, 3.75 vol% Hz; 7.5 vol% 02; 88.75 vol% Nz, mca= 10
mg in 5 mL of 67 vol% methanol in water.

catalysts exhibited the lowest H:0: selectivities. AT is
known to saturate at approximately half the coverage of 1-
hexanethiol (CsSH),8 indicating that H202 synthesis is sen-
sitive to thiol attachment density. The observation that the
increase in monolayer density profoundly affects reaction
selectivity is similar to previous reports on hydrodeoxygen-
ation catalysis.5? In contrast to those prior studies, however,
the improved selectivity does not appear to result merely
from selective poisoning of Pd ensembles; in addition to the

rate of H20 formation decreasing, the rate of H202 formation
increased. Whereas the former effect would be expected if
high ligand densities suppress 0-0O activation reactions, the
latter hints that the organic ligands may facilitate proton
transfer to adsorbed Oz-derived intermediates.'8

Among the thiols, thioglycerol (TG) modification led to
the highest selectivity, perhaps signaling that H-bonding
groups located near the surface led to enhanced H202 syn-
thesis performance. Because TG has been found to saturate
at a similar ~1/3 monolayer coverage to CsSH on Pd®?, it is
likely that the enhanced selectivity is attributable to H-
bonding interactions involving the ligand tail. Flaherty and
coworkers have recently reported that hydroxylated or-
ganic surface intermediates can promote proton transfer to
molecular oxygen, accelerating direct H202 synthesis.®* Sim-
ilar observations were made for the PA modifiers, which
also improved selectivity to varying extents. Recent work
has suggested that saturation PA coverage on Pd is 2-3 nm-
2, and that these species can selectively promote reactions
involving hydroxylated intermediates.®? Again, a more hy-
drophilic PA (aminomethylphosphonic acid, NH:2MPA) ca-
pable of H-bonding interactions showed greater promotion
of selectivity compared to its chloromethylphosphonic acid
(CIMPA) counterpart, similar to the promotion effect of the
hydrophilic TG (Figure S5). Overall, the results with the
modified samples showed that tuning of the ligand identity
and density provides a rich area for tuning H202 perfor-
mance. Clearly, the ligand coverage is critical to selectivity
promotion, while tuning interactions of the tail with reac-
tive intermediates on the surface offers another possible
route for promoting selectivity.

For the thiol and phosphonate ligands, there was no clear
correlation between the rate of H202 production and the
rate of HD dissociation. Itis important to note that these two
experiments were conducted under different conditions in
the liquid versus gas-phase, which may influence ligand
structure; this could be particularly important for hydro-
philic modifiers like TG.¢° Notably, TG SAMs strongly



Table 1. Post-synthetic modification of Pd/C catalysts using self-assembled monolayers (SAMs) of various lig-
ands on commercial 1 wt% Pd/C (Sigma-Aldrich). Uncertainties in ryp indicate standard deviation of triplicate

runs.

TH,0 (mol h-t gpq-

TH,0, (mol h' gpa1) Xy, (%) Su,0, (%) Yu,o, (%) 1) Typ (mol ht gpa1)
Pd/C (Sigma-Aldrich) 0.5 7.7 6.5 0.5 7.2 234.2+149
CeSH-Pd/C 2.1 12.9 55.9 7.2 1.7 1.6+0.1
TG-Pd/C 3.1 13.3 70.7 9.4 1.3 02+0.1
AT-Pd/C 0.7 221 24.0 53 2.2 6.0+0.1
BZPA-Pd/C 3.5 19.0 56.2 10.7 2.7 144 +04
CIMPA-Pd/C 3.1 21.2 47.5 10.1 3.4 15.4+0.7
NH2MPA-Pd/C 1.4 12.3 56.0 6.9 1.1 123.4+3.4

suppressed the rate of H-D dissociation but did not have a
comparable effect for H202 or water formation. While it is
not immediately clear why the correlation is not observed
in the case of the post-modified samples, it is worth noting
that for many of these surfaces the ligand coverage is highly
dense®3, potentially creating a very different microenviron-
ment (and electronic structure) compared to the case of NPs
synthesized with ligands such as PEG, HHDMA, and MSA.

In conclusion, a wide range of surface-bound ligands with
varying functionalities were used to gain an understanding
of the ligand characteristics that governed modulation of Pd
catalyst performance for direct H202 synthesis. In general,
ligands improved selectivity of supported Pd catalysts, with
the ones containing H-bonding groups resulting in the high-
estselectivities (75-80%). These ligands were hypothesized
to interact via hydrogen bonding with key reaction interme-
diates (i.e., OOH and adsorbed H202)'® favoring the energet-
ics associated withthe desired path leading to H202 produc-
tion. For a subset of ligand-modified Pd catalysts, we also
showed that the ones characterized by H-bonding groups
led to PdHx formation when exposed to Hz at room temper-
ature, uncovering another feature that potentially played a
role in selectivity enhancement. We note that other mecha-
nisms, such as the selective poisoning of sites for 02 dissoci-
ation by groups on the ligands, cannot be ruled out. The in-
sights obtained from these studies set the basis for design-
ing optimal surface-bound ligands on Pd catalysts to
achieve outmost catalyst performance for H202 synthesis.
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