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Abstract

The direct synthesis of H,O: is a dream reaction in the field of selective oxidation and green
chemical synthesis. However, the unknown active state of the catalyst and the lack of a defined
catalytic mechanism preclude the design and optimization of suitable catalysts and reactor
setups. Here direct synthesis of H.O, over Pd-TiO; in water was investigated in a continuous
flow reactor setup utilizing undiluted oxygen and hydrogen to increase aqueous phase
concentrations safely at ambient temperature and a pressure of 10 bars. In this experiment
operando X-ray Absorption Spectroscopy (XAS) and online flow injection analysis for
photometric quantification of H,O, were combined to build catalyst structure-activity relationships
in direct H.O, synthesis. XAS at the Pd K absorption edge was used to observe oxidation state
and local Pd structure together with H>O» production for three reactant ratio (H2/O.) regimes:
hydrogen rich (> 2), hydrogen lean (< 0.5) and balanced (0.5 — 2). During H>O> production,
oxygen was only found adsorbed on the surface of Pd nanoparticles and hydrogen was found
dissolved in bulk palladium hydride (a-phase) indicating a reaction of surface oxygen with lattice
hydrogen to form hydrogen peroxide. Under hydrogen rich conditions, formation of B-phase
palladium hydride was found to coincide with zero H>O. yield. This constitutes an operando
study of direct H,O, synthesis under elevated partial pressures of H, and O in continuous flow.
The results obtained will aid in rational design of future catalysts and optimization of process
parameters, bringing the concept of a viable, efficient process for H.O, synthesis one step closer
to reality.
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Introduction

Hydrogen peroxide holds unique advantages in the field of chemistry as a powerful, selective
and environmentally benign oxidizing agent. Currently hydrogen peroxide is produced on
industrial scale by the anthraquinone (AQ) process. The AQ process is energy intensive and
involves several complex steps consisting of hydrogenation, oxidation, recycling, extraction and
distillation, and is therefore only viable on a large scale. In addition, the large quantities of
concentrated and highly reactive H,O; solutions produced have to be stored and transported,
after which they are usually diluted once more at the point of use. Consequently an on-site
production method for generating H.O. solutions with a specified reaction medium and
concentration is highly desirable [1]. A potential alternative route for H,O- production is the direct
catalyzed reaction of H, and O; in the liquid phase. Direct synthesis itself is a dream reaction
with 100 % atom economy, minimal use of hazardous solvents or additives, and essentially zero
harmful waste. Although direct synthesis has been the subject of extensive research [1-5], a
production process with high productivity and long-term stability is still missing. Improving
availability and decreasing cost of H2O. through direct synthesis pathways will foreseeably
promote widespread use of this powerful oxidant for a range of processes, while directly
producing only water as a byproduct. Therefore realization of a commercially viable process for
direct H,O, synthesis has the potential to revolutionize the chemical industry, from an
environmental and green chemistry perspective [6].

One main issue hindering the uptake of direct H,O, synthesis as a viable process is low
selectivity. This challenging aspect arises from the fact that H.O, is a thermodynamically
unfavored and highly reactive intermediate in the reaction network. Therefore, selectivity is
defined not only by water formation as a side reaction, but more importantly due to consecutive
hydrogenation and decomposition of H»,O, to water, as shown in equations 1-4. In order to
stabilize and boost the yield of desired product, several techniques were developed to increase
the selectivity, which include addition of sodium bromide as promoter, addition of phosphoric
and/or sulfuric acid to lower the pH value, passivation of steel equipment by acid treatment, and
keeping the temperature below 50 °C to prevent auto decomposition [3,4].

H, + 0, - H,0, (1)
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2H, + 0, » 2H,0 (2)
H,0, + H, — 2H,0 3)
H,0, = H,0+ 0.50, (4)

The low selectivity towards H»O; is the focus of ongoing extensive research on catalyst
development. The catalysts studied for direct synthesis are mainly noble metals or noble metal
alloys on a variety of inorganic supports, i.e. alumina, carbon, silica and titania [1]. Pd was found
to be very active for the synthesis of H,O;, but also very active for subsequent hydrogenation
and decomposition. Better performances were obtained by alloying Pd with Au or Sn [7,8].
Moreover, it was shown that pre-treatments including oxidation, reduction and impregnation with
acid of the supported Pd change the catalytic behavior. However, it is an open question whether
metallic or oxidic Pd favors H.O, formation and how acids and promoters are involved in the
reaction [4,9]. A recent study by Like et al. revealed that the reaction might take place at the
interface between Pd and PdO indicating the strong dependence on both phases [10,11]. In
addition surface and subsurface impurities such as C, N and O were suggested to limit the
uptake of hydrogen in Pd and thereby increasing the selectivity to H,O; [12]. A similar effect is
most likely achieved by surface species such as PVA, CO,, SO,* [13]. This also led to the
conclusion that subsurface hydrogen might play a crucial role in direct synthesis of H,O; [14].
Tien et al. studied the influence of the particle size and found that Pd NPs with a diameter of 1.4
nm achieved the best catalytic performance while single site Pd NPs were inactive, further
indicating an important interaction between surface and subsurface domains [15]. On the other
hand, Schldgl et al. found that sintering of Pd nanoparticles is responsible for total hydrogenation
to water and needs to be prevented to maintain high selectivity [16]. In order to incorporate the
acidic function in the catalyst Pd supported on ordered mesoporous carbon doped with
heteropolyacids (HPA) was recently studied by Lee et al. who found increasing selectivity and
productivity with increasing HPA content/acidity [17]. Similarly, Blanco-Brieva et al. reported that
catalytic performance increases with acidity of the support with Pd supported on silica
functionalized with aryl sulfonic, alkyl phosphonic and alkyl carboxylic groups [18]. Furthermore
structural modifications of the support material are known to influence catalyst performance as
well. Studies on Pd/TiO, modified with heterogeneous carbon [19] and core-shell structured
Pd/SiO, with a microporous Si shell on silica beads [20] showed an increased catalytic
performance with decreased adsorption/residence time of H,O..

The challenging aspects of the reaction also led to novel reaction engineering concepts aimed at
enhancing process control and boosting H>O. productivity. Many types of reactors, including
trickle beds, micro reactors and membrane reactors have been studied in order to increase
productivity in a continuous flow process [21-26]. It should be noted that while Hutchings et al.
reported that a Pd-Au catalyst retained >98 % H.O: selectivity after 98 hours of reaction in batch
operation [27], long term stability of a catalyst producing H>O, with sufficient selectivity and
productivity is still a primary concern for continuous flow operation [28]. The reaction mechanism
of the direct synthesis is usually studied by activity tests in autoclaves [29-31]. However, it is
difficult to derive aspects of the reaction mechanism because of the complex transport
phenomena in the triphasic gas-liquid-solid system overshadowing the intrinsic kinetics [2]. By
isotope labeling it was proven that diatomic oxygen species adsorbed on Pd react to H>Op,
whereas water formation takes places via oxygen dissociation [2]. This is in line with Density
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Functional Theory (DFT) calculations on Pd clusters and Au clusters, where formation of
adsorbed OOH* was found to be the rate limiting step [32,33]. DFT calculations on Pd/Au alloys
showed that Au blocks the dissociation of O, leading to enhanced selectivity as observed
experimentally [34]. In most kinetic studies it is a common opinion that hydrogen also reacts
from an adsorbed state. In contrast, Wilson et al. [30] have recently found that the often-
suggested Langmuir-Hinshelwood mechanism was not able to describe their experimental data
for direct synthesis of H,O, on palladium clusters. Furthermore, they showed that H,O: is likely
formed by reaction pathways that involve intermediates not present on the catalyst surface. They
suggested a heterolytic reaction pathway, where adsorbed oxygen is reduced with electrons
released by hydrogen oxidation. The reduced surface oxygen then forms H>O. by reacting with
dissolved H* present in the solvent formed by hydrogen oxidation on the Pd surface. Their
approach was based on the observation that formation of H.O- only occurs in protic solvents.

While kinetic investigations with complementary computational modeling studies are crucial for
getting insight on the general behavior of the catalytic system, providing empirical data on the
structure, behavior and mechanism of the active material is a challenge best addressed using in
situ / operando spectroscopy. X-ray Absorption Spectroscopy (XAS) using synchrotron radiation
has evolved into a powerful tool in the field of catalysis, offering an element-specific probe of
electronic structure and local coordination environment [35]. The high penetration of hard X-rays
enables in situ study of materials under practically any environmental conditions such as
temperature or pressure which may be required. A spectroscopic approach is important to define
parameters such as metal oxidation state, local coordination environment, and behavior under
reaction conditions. Such an approach has already been demonstrated for several Pd-catalyzed
reactions in liquid phase. However, for direct H>O2> synthesis a continuous system has to be
especially designed, in order to observe the catalyst during stable reaction conditions, including
elevated pressures and variable gas ratios [36,37]. Such an experiment was reported for the first
time by Centomo et al. [38], who investigated a Pd/K2621 catalyst in a continuous flow cell at
room temperature and 1 bar pressure. However, activity data and steady state results were not
presented. In this study the aim was to significantly increase productivity of the reaction to a
detectable level of H,O,. To achieve this, a reaction setup was designed to utilize undiluted
reactants at 10 bar pressure, thereby increasing the reactant concentration in the liquid phase.
Operando XAS and online flow injection analysis for photometric quantification of H,O, were
then combined to assess the performance of a Pd/TiO. catalyst in a flow cell under varying
experimental parameters, including flow rate and reactant ratio (H»/O;) in the liquid phase.
Consequently, for the first time it was possible to combine empirical data of structure and activity
of a palladium catalyst during direct synthesis of H.O> under more realistic reaction conditions.
Therefore, the results presented here open up the opportunity towards a sophisticated
optimization of future reaction systems and specialized catalysts in order to make this valuable
chemical reaction more generally available for society and industry.



Materials and methods
Catalyst preparation

Pd/TiO, was chosen as catalyst system for this work since TiO, has the necessary properties to
function as a support in continuous experiments. It is known for exhibiting strong metal-support
interaction and therefore keeping Pd well dispersed, additionally it is very stable in water and
gives excellent selectivity while having high reaction rates as described by the literature [39,40].
A 1 wt.-% Pd/TiO, catalyst was prepared for direct synthesis of H,O, according to a wet
impregnation method reported by Inoue et al. [39]. For this purpose, 167 mg PdCl, (Sigma
Aldrich, 99 %) was dissolved in a 100 ml 1 M aqueous hydrochloric acid solution before addition
of 10 g TiO2 (Nanostructured & Amorphous Materials Inc., 50 nm APS, 99.9 %) rutile phase
confirmed by XRD - see Figure S1, (Supporting Information, Sl) particles under stirring. Then the
suspension was dried over a hot plate until evaporation of all liquid was completed and only a
solid phase remained. The solid was then pestled and calcined in air at 350 °C for 6 hours.
Afterwards the material was reduced in 5 vol.-% Hz in Ar for 3 hours at 350 °C. Finally, the
powder was pressed and sieved to a primary particle size fraction of 100 to 250 microns before
further use. No residual Cl was found in the final catalyst by Energy-Dispersive X-ray
spectroscopy (EDX analysis, cf. Sl, section S2).

Catalyst characterization

Metal content analysis was performed by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Agilent 725). Therefore a sample of the liquid product solution was
collected from the reactor effluent following reaction. As reference, a sample of the fresh feed
solution was collected after preparation. For (scanning) transmission electron microscopy
(S)TEM, powder samples of 1 wt.-% Pd/TiO, were ground in a mortar and loaded dry onto
copper grids (200 mesh) covered with holey carbon film. The catalyst specimens were examined
in a FEI Titan 80-300 aberration-corrected electron microscope operated at 300 kV. STEM
images were acquired by a Fischione model 3000 HAADF STEM detector. Catalysts were
measured: (i) following calcination at 350 °C in air for 6 hours, (ii) following pre-reduction at 350
°C in 5 vol.-% Hz in Ar for 3 hours, (iii) following in situ XAS studies at DESY P65. Particle size
distribution for Pd was determined by manual counting of approximately 200 particles for each
sample using ImageJ software [41].

Experimental setup, reaction cell and procedure

The experimental setup used to conduct the direct synthesis of H.O, in continuous mode is
schematically shown in Figure la. and photos are available in Figure S5. The design with two
separate and independent vessels offers two main benefits. Firstly, since both reactants are
independently fed to the cell in a dissolved state, explosive gas mixtures of hydrogen and
oxygen are circumvented and pure gases can be utilized. Thereby the reactant concentration
can be significantly increased in a safe manner. Secondly, this also allows easy control over the
hydrogen to oxygen ratio by being able to vary the flow rate of the micro gear pumps (HNP
Mikrosysteme, mzr7205). The essential parts are two 5 L stainless steel vessels each filled with
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2 L of demineralized water and 5 mM NaBr as promoter. The setup was tested for blind activity
using 5 mM NaBr in water as solvent in our laboratory. It was not found to produce H:O..
However, it was found that H.O, decomposition occurs on stainless steel equipment in water
without NaBr. Therefore a passivation procedure [42] was applied to all stainless steel parts and
5 mM NaBr was added to prevent any decomposition in stainless steel equipment. After both
vessels were filled with the reaction medium, they were consecutively pressurized 3 times to 10
bar, one vessel with pure hydrogen and one vessel with pure oxygen (technical grade) in order
to flush out any remaining air. After the desired pressures were adjusted, the reaction media
were saturated with the respective gases, hydrogen or oxygen, by pumping the liquids with
micro gear pumps from the bottom of each vessel to dip tubes inserted at the top, where the
liquids were dispersed in the gas zones through nozzles. Saturation was assumed after cycling
the liquid in each vessel for 1 hour with a flow rate of 200 mL/min. The saturated liquids were
then mixed in a T-piece and fed to the reaction cell using the same micro gear pumps. Check
valves were installed after each pressure valve to prevent mixing of O, and Hx in any of the
pressurized vessels. The pressure in the cell was regulated at 11 bar using a needle valve, to
give the pumps a differential pressure for proper functionality. Temperature and pressure were
measured at the inlet and outlet of the cell. The experimental setup described above was
designed with the aim of being readily portable for use at synchrotron radiation facilities. A
partially modified setup was also used during laboratory tests, as discussed towards the end of
this section.

= o]
| | |
o

1
®

Figure 1. (a.) Overview of the experimental setup for continuous direct synthesis of H,O, with
pressure indication (Pl) and temperature indication (TI) and (b.) fixed bed in situ cell for
operando XAS.

The reaction cell for operando XAS experiments is shown in Figure 1b. It consists of a PTFE
body with a 100 mm long, 1 mm wide and 10 mm deep slit to hold a fixed bed of granulated
catalyst. At the entry and exit of the slit, 3 mm tubular adapters where placed on the outside for a
connection with the reaction stream. The open top and bottom of the slit were covered with 2
mm thick polycarbonate plates and screwed together with metal frames to be tightened against
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the elevated pressure. Note that using such thick polycarbonate as window material is possible
only when measuring at high energies such as around Pd K edge. In order to generate the
catalyst particle bed one side of the slit was closed with the polycarbonate plate and metal
frame. Then a plug of glass wool was inserted in the slit at the exit of the cell, followed by filling
in the pre-weighed catalyst. Before closing the entire cell, the particle bed was pressed towards
the exit of the cell with a second plug of glass wool. The depth of the slit was defined in a
preliminary experiment, where an optical path length of 10 mm was found to be suitable for
transmission measurements with the X-ray beam for the catalytic material (1 wt.-% Pd/TiOy)
used in this work. The resulting edge step (u) was ~0.4.

Preliminary experiments were initially performed at the synchrotron radiation source to evaluate
the influence of reaction conditions on the palladium catalyst and to obtain reference state
measurements. Therefore the cell was loaded with 100 mg of the 1 wt.-% Pd/TiO, catalyst. First
the catalyst bed was scanned by the X-ray beam in a dry state in air under ambient conditions
(Exp. nr. 1). The cell was then connected to the reaction stream and the bed was scanned again
in a wet state while pumping deionized water with 5 mM NaBr through the cell at ambient
conditions (Exp. nr. 2). For the final preliminary experiment the reaction medium of one vessel
was saturated with pure hydrogen at 10 bar and flushed through the cell at 11 bar, providing a
reduced reference (Exp. nr. 3).

For the H,O, synthesis experiments at the synchrotron radiation source, the reaction medium in
the second vessel was saturated with pure oxygen at 10 bars. Both reaction media were then
combined in flow before entering the cell. In this set of experiments 25 mg of 1 wt.-% Pd/TiO;
catalyst was used. Three reactant ratio (H2/O2) regimes were used, labelled as: hydrogen rich (>
2), hydrogen lean (< 0.5) and balanced (0.5 — 2) (Exp. nr. 4-7). Afterwards influence of residence
time was studied by reducing the liquid flow rate to 0.45 and 0.22 ml/min (Exp. nr. 8-9).

For all experiments described in the two paragraphs above first an outlet position of the catalyst
bed was probed by X-rays until two consecutive identical spectra were recorded. Afterwards a
corresponding XAS spectrum was recorded once also at an inlet position.

Following the operando XAS studies, further experiments were performed in the laboratory. The
micro gear pumps were replaced with HPLC pumps to increase dosing accuracy at high
pressure. Lean, rich and balanced H,/O; ratio experiments were then repeated with the in situ
cell and exactly the same catalyst bed used for the operando studies, with a flow rate of 1 ml/min
and at 10 bar (Exp. nr. 10). The PEEK tubing connecting the setup and reaction cell was then
replaced with stainless steel (Figure S4), to mitigate any effect of partial hydrogen diffusion
which may have occurred during operando studies. It should be noted that in the latter case
flexible tubing was necessary to avoid hindering the movement of the sample alignment stage
motors at the beamline. In the subsequent experiments hydrogen diffusion was also found at the
in situ cell, made from a PTFE body and polycarbonate plates using a gas detector. Therefore
the 25 mg particle bed was placed in a 6 mm stainless steel tube to minimize hydrogen diffusion
for this experiment (Exp. nr. 11).

Finally, the influence of acid addition was studied, which is known to enhance selectivity in the
direct synthesis [3], by adding 1 mM H»SO4 to the reaction medium in the vessels. The

7



experiment was first conducted without acid with a 100 mg catalyst bed in a stainless steel tube
with a flow rate of 1.5 ml/min at 10 bar and was then repeated after acid addition (Exp. nr. 12-
13).

Table 1: Reaction conditions of the experiments?.

Exp. nr. | Description Mege, MY | Viguia® Mimin - ¢, mmol/L ¢, mmol/L  H,/0,®, mol/mol SV, moligeg/h
1 | exsitu 100 - - - - -
2 | HyO flow, wet 100 ~1 - - - -
3 | Hzin H,0 flow 100 ~1 8.2 - - 0.49
4 | hydrogen rich 25 1.2 >6 <3 >2 2.59
5 | balanced 25 11 48-6 48-3 1-2 2.53-2.38
6 | balanced 25 1 34-438 6.8-4.8 05-1 2.45-2.30
7 | hydrogen lean 25 1 <34 > 6.8 <05 2.45
8 | hydrogen lean 25 0.45 <34 > 6.8 <05 1.1
9 | hydrogen lean 25 0.22 <34 >6.8 <05 0.54

10 | cell repeated 25 1 1.2-6.6 99-22 0.12-3 2.67-212
11 | steel tube 25 1 14-6.3 9.6 -2.6 0.15-24 2.64-2.15
12 | steel tube 100 15 1.8-6.3 9-26 02-24 0.98 - 0.81
13 | steel tube, acid 100 15 18-5.2 9-43 02-1.2 0.98-0.85

D: All experiments were conducted at room temperature under a pressure of 10 bars in the
vessels using the 1 wt.-% Pd/TiO, catalyst. Solvents used: 5 mM NaBr in demineralized water
(exp. nr. 1-12); 5 mM NaBr and 1 mM H,SO. in demineralized water (exp. nr. 13). Experiment
performed at: synchrotron radiation source (exp. nr. 1-9), laboratory (exp. nr. 10-13); Reactors
used: in situ cell (exp. nr. 1-9), steel tube (exp. nr. 10-13).

2: Measured liquid flow rate by weighing the mass collected at the system outlet over time.

3): Estimated molar H,/O, ratio based on the saturation concentration of the reactants at 10 bar,
the settings of the pumps and the experimental observations.

4): Estimated space velocity, defined as: SV = (ehp *co,) - liquidflow rate

mass of Pd in the reaction cell’

The product analysis was performed using an automated system based on a system first
described by Pashkova et al. in 2009 [43]. On exiting the reaction cell, the liquid stream was fed
after depressurization to an online flow injection analysis system (FIA) to measure the H20O;
concentration. For this purpose H>O: is first contacted with titanium(lV) oxysulfate to form an
orange colored complex which is then detected by a UV-Vis spectrometer (“DT-MINI-2-GS” light
source with “USB4000-UV-VIS” detector by Ocean Optics) measuring the absorbance at 409
nm. H>O; concentration in the effluent can then be calculated based on a previously determined
calibration curve. The product yield Y, o, was determined by division of the H.O. concentration
CH,0, F1a DY Hz concentration in the feed cy, feeq (€quation 5). The Hz concentration in the feed
was calculated by Henry’s law, while the partial pressure of H, was calculated with the pressure
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in the Hz vessel py, vesser Multiplied by the flow rate fraction of the H. pump after mixing with the
stream delivered by the O2 pump (equation 6).
CH,0, F1A
YHZOZ =22 (5)
CH2 feed .
Vh, pump

— . HeP
CHZ feed — pHZ vessel HHZ,HZO (6)

Vi, pump + Vo, pump

With: Henry constant in water Hf,’z’,Hzo (taken from the DETHERM database [44]).

X-ray absorption spectroscopy and data analysis

X-ray absorption spectra (XANES and EXAFS) at the Pd K absorption edge were recorded at
the P65 beamline of PETRA IlI synchrotron radiation source (DESY, Hamburg) in transmission
mode (using ionization chambers as detectors). X-rays were produced by means of an 11 period
undulator with a flux of about 10! photons/s. Higher harmonics were rejected by a pair of Pt-
coated plane mirrors installed in front of the monochromator. The energy of the X-ray photons
was further selected by a Si (311) double-crystal monochromator and the beam size was set by
means of slits to 1 x 0.2 mm?. For precise energy calibration a reference spectrum of Pd foil was
measured together with each experimental spectrum using an additional ionization chamber
located behind the one measuring intensity of the beam transmitted through the in situ cell.

Principal component analysis (PCA) was performed on the full set of measured spectra and
identified Pd®, PdO, and PdHy as possible components (see Electronic Supporting Information,
section S4, Fig. S6). The average oxidation state of Pd was obtained from X-ray absorption near
edge structure (XANES) spectra in the following way. First, the isosbestic points of Pd°-PdHy
spectra were identified (Fig. S7b) and it was found that at 24362.5 eV (rising edge region) and at
24390.4 eV (white line region) normalized spectra of Pd°PdHx had markedly different
absorbance when compared to the spectrum of PdO. Since the biggest difference was observed
at 24390.4 eV (white line region) normalized absorbance at this energy was used to estimate
average fraction of PdO among Pd° PdO, and PdHy possible components. The results were in
line with variation of an average coordination number of oxygen in the first shell of Pd obtained
from EXAFS fitting. EXAFS fitting was conducted aiming at: 1) estimation of the amount of Pd-
Pd nearest neighbors to determine possible changes in Pd nanoparticle size and oxidation state;
2) estimation of amount of O atoms in the first shell to evaluate the oxidation state of Pd; 3)
estimation of average Pd-Pd bond distance which can serve as an indicator of hydrogen stored
as Pd hydride. The spectra were normalized and the extended X-ray absorption fine structure
spectra (EXAFS) background subtracted using the ATHENA program from the IFFEFIT software
package [45]. The k-, k?-, and k3-weighted EXAFS functions were Fourier transformed in the k
range of 3.0 — 13 A™* and multiplied by a Hanning window with sill size of 1 A, The structural
model was based on a Pd metal core (ICSD collection code 52251) and an oxide shell modeled
using PdO (ICSD collection code 24692). The structure refinement was performed using
ARTEMIS software (IFFEFIT) [45]. For this purpose the corresponding theoretical backscattering
amplitudes and phases were calculated by FEFF 6.0 [46]. The theoretical data were then
adjusted to the experimental spectra by a least square method in R-space between 1.4 and 3 A,
First, the amplitude reduction factor (So> = 0.8) was calculated using the Pd foil reference
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spectrum and then the coordination numbers, interatomic distances, energy shift (3Eq) and mean
square deviation of interatomic distances (0?) were refined. The absolute misfit between theory
and experiment was expressed by p.

Results and discussion
H.O, synthesis experiments

The H>O: ratio was varied across several concentration regimes: hydrogen rich (H2/O2 > 2),
balanced (0.5 < H,/O, < 2) and hydrogen lean (H2/O; < 0.5) for a flow rate of 1 ml/min. H.O, was
gualitatively detected for balanced H./O; ratios between 0.5 and 2. The concentration in the
outlet stream was estimated to be in the range of 0.03 — 0.08 mmol/L. In both hydrogen lean and
hydrogen rich conditions (H./O; ratio < 0.5 and > 2, H,O, was below the detection limit. In the
latter case this is plausible since too much hydrogen favors the consecutive hydrogenation of the
product and parallel water formation. However, if oxygen is present in excess this should not be
the case, since product selectivity is expected to increase under O-rich conditions [3]. A
reasonable explanation is an insufficient residence time. Hence, we reduced the flow rate to 0.4
ml/min and 0.2 ml/min to increase the residence time for the H,/O, ratio < 0.5. In both cases,
H.O, was qualitatively detected, although there was no noticeable difference in product
concentration. Finally, we optimized the reaction conditions to allow quantitative measurement of
H20.. Exp. nr. 5 was repeated with increased residence time and a concentration of 0.11 mmol/L
H.O, was measured for the 25 mg catalyst bed with a flow rate of 0.8 ml/min for a H»/O; ratio of
ca. 1.5 (Figure 2). With a H./O; ratio of 1.5 and Henry’s law the product yield with respect to
hydrogen can be estimated as 2 %. The X-ray spectroscopy results are discussed in the next
section.

Following the operando XAS studies, further experiments were performed in the laboratory with
a partly modified experimental setup, to further investigate the parameters affecting H.O- yield.
The results of the following experiments are shown in Figure 2, compared to the operando
studies. Initially the experiments with the cell used at the synchrotron radiation source were
repeated (Exp. nr. 10). Maximum H;O concentration of 0.1 mmol/L at a balanced H./O; ratio
between 1.2 and 1.8 was measured, which corresponded well with the synchrotron experiments
and also the behavior of qualitative product detection of the H2/O; ratio variation. In the next step
the equipment was optimized to mitigate hydrogen diffusion. Consequently the maximum H,O-
concentration was tripled to 0.31 mmol/L and the peak of the variation shifted to a lower H,/O>
ratio between 0.5 and 1 (Exp. nr. 11). At the highest measured product concentration, the
product yield in regard to hydrogen increased to 12 %. The space velocity was then reduced to
evaluate the influence on conversion (Exp. nr. 12). It was found that the increased residence
time did show very similar results over the whole H,/O- ratio range in comparison with exp. nr.
11. Very high conversion can therefore be assumed for the limiting reactant. Finally acid was
added to the solvent to check for its influence (Exp. nr. 13). A maximum H>O, concentration of
0.79 mmol/L was measured at a H»/O; ratio of 0.3 with a product yield in regard to hydrogen of
38 %. In conclusion, hydrogen diffusion through the connecting tubes and the in situ cell body
was the major cause for the low product yield during XAS experiments. Nevertheless, the
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portable setup design for synchrotron experiments allowed semi-quantitative H,O, detection,
and thus derivation of structure-activity relationships. A minimal product yield of about 10 % can
be assumed for the 1 wt.-% Pd/TiO, if the reaction is performed in water with NaBr at ambient
temperature. The product yield can be greatly increased through H,SO. addition. However,
using an acid causes palladium leaching as proven by ICP metal content analysis of the reactor
effluent (ICP results are shown in Table S3 in section S5, SI).

B 100 mg, 1.5 mL/min
(+ ImM H,SO,)

® 100mg, 1.5 mL/min

0.8 H [

<
©
£
— 0.6 - [] B 25mg, ImL/min
s 25 mg, 1 mL/min,
b= in situ cell
£ 0.4 4 o % operando XAS,
§ ) " 25 mg, 1 mL/min
(]
8 024 * g
o, ° —%—
T s °
0.0 H (]

0.0 0.5 1.0 15 2.0 2.5 3.0
H,/O, ratio

Figure 2. H,O, synthesis experiments: single point at DESY (black star) in comparison to
laboratory experiments. Error bars for the H.O, concentration show standard deviation.

Operando XANES and EXAFS data recorded during direct synthesis of H,O,

The full set of experimental XANES spectra plotted together (14 spectra) showed no isosbestic
points (i.e. the points at which the spectra of two substances intersect, thus showing the same
absorbance) which means that they could not be regarded as a combination of spectra of just
two species, more components should be taken into account. This situation differs from the
observations in literature [37] where linear combination analysis (LCA) of PdO and Pd° spectra
was enough to model experimental data and obtain the average oxidation state of Pd. This
initially highlights the importance of performing spectroscopic measurements until realistic
process conditions, in this case at high partial pressure of reactants and in continuous flow. In
our case in order to identify the number of required components and their nature a PCA was
performed (for more details cf. Sl). The results of the PCA suggested that taking into account
three components was enough to describe the obtained set of XANES spectra with sufficient
precision, and these components are probably Pd®, PdO and Pd hydride (PdHx [47]). Therefore
Figure 3 shows XANES and EXAFS spectra of Pd foil (Goodfellow), PdO (CAS Nr. 1314-08-5,
Chempur), and 1 wt.-% Pd/TiO, catalyst in H,/H-O flow (the spectra of which correspond to p-
PdH, phase [47-50]) which were further used as references for XANES and EXAFS analysis.
Although PCA helped to identify the relevant palladium species, it cannot be used for
guantification as it does not directly provide physically meaningful spectra. Due to the high
similarity between the XANES spectra of Pd® and PdH,, LCA could also not provide reliable
results. Therefore, a different strategy to estimate the oxidation state was employed: first,
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isosbestic points of Pd®-Pd hydride mixture were identified (Figure 4) and it was found that at
24362.5 eV (rising edge region) and at 24390.4 eV (white line region) normalized spectra of
Pd%PdHx have markedly different absorbance when compared to the spectrum of PdO. Since
the biggest difference was observed at 24390.4 eV (white line region) we used the normalized
absorbance at this energy to estimate the average fraction of PdO in the spectra and, thus,
average oxidation state of Pd. EXAFS fitting parameters for all reference materials and
operando experiments performed together with their relevant reaction conditions are outlined in
Table 2, exemplary fits are reported in the Sl (Fig. S8).

Table 2: Summary of EXAFS fitting results of selected experimental spectra.

cH,0, o? (10

Exp. nr. | Description mmol/L d (Pd-0), A CN(0) d(Pd-Pd),A CN(Pd) A? OE, (eV) p (%)
- Pd foil* n.a. n.a. 2.74+0.003 12 4.7+0.6 1.3x0.7 1.1
- PdO tetragonal? 2.02 4 3.03 4

- PdO hexagonal? 2.02 4 3.42 8

1 ex situ 1.98+0.02 2.6x0.4 2.73+0.01 5#1.0 6.6+1.4 1.2+15 2.4
2 H,O flow, wet 1.97+0.02 2.2+0.4 2.74+0.01 53+1.1 6.3x1.4 21+15 2.4
3 H; in H,O flow 1.99+0.1 0.4+0.4  2.814+0.005 10.3#1.0 7.7#0.7 -0.2+0.6 0.7
4 outlet H,/O, > 2, 1.2 ml/min | ~0 n.a. 0 2.815+0.005 9.2+0.9 6.9+0.6 0.0+0.6 0.6
5 outlet 0.05-0.08 1.97+0.03 1.1+0.4  2.733+0.007 7.2£1.0 6.2+09 0.2£1.0 1.1

5 inlet H2/O; 1-2, 1.1 ml/min | 0.05 - 0.08 1.98+0.04 0.9+0.4  2.734+0.004 7.8£0.9 6.0+0.7 0.3+0.8 0.7

6 outlet 0.05-0.08 1.97+0.02 1.5+0.4 2.736+0.005 7.5+0.8 6.8#0.7 0.3%0.8 1.0
6 inlet H./O, 0.5 -1, 1 ml/min | 0.05 - 0.08 1.98+0.05 1.0+0.5 2.736+0.006 7.9+1.2 6.5#1.0 0.7x1.0 15

7 outlet ~0 1.97+0.02 1.6+0.4 2.731+0.007 7.0£1.0 6.0+0.8 0.0£1.0 13
7 inlet H,/O, < 0.5, 1 ml/min | ~0 1.99+0.03 1.1+0.3  2.733+0.005 7.4+0.8 6.0+0.7 0.4+0.8 0.8
8 outlet H,/O, < 0.5, 0.45 qualitative 1.97+0.02 1.5+0.4 2.738+0.006 6.9+0.9 6.2+0.9 0.5%£1.0 1.2
8 inlet ml/min qualitative 1.98+0.04 1.2+0.4  2.735+0.006 7.4+¢1.0 6.0+¢0.9 0.4%1.0 1.3
9 outlet qualitative 1.98+0.02 1.6+0.4 2.735+0.007 6.6+0.9 5.7+0.8 0.3%#1.0 1.2

H,/O, < 0.5, 0.22
9 inlet ml/min qualitative 1.98+0.04 1.3+0.6  2.736+0.007 8.3t1.3 6.7+1.1 0.8¢1.2 15

1 Pd model from the ICSD database (collection code 52251) was used for the fit.

2: Values taken from [51].
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Figure 3. (a) XANES and (b) FT k?-weighted EXAFS spectra (not corrected for phase shift) of
reference compounds Pd° (Pd foil), PdO, and B-PdHy (Pd/TiO; catalyst in H2/H>O medium).
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Figure 4. (a) XANES and (b) FT kz-weighted EXAFS (not corrected for the phase shift) spectra of
Pd/TiO; catalyst in H2O, in H2/H»O, and under balanced H.O- synthesis conditions (H2:O: ratio =
0.5-1, exp. nr. 6, outlet).

Figure 4 displays XAS spectra of the Pd/TiO, catalyst under flow of H.O (not degassed, i.e.
saturated with O, from ambient air), under H2O; synthesis conditions (mixture of flows saturated
by H, and O, at 9 bar (Exp. nr. 6, Table 2), and under H,-saturated water. Under balanced
conditions (H2/O- ratio 0.5-1) H,O, formation was observed during the corresponding experiment
(Table 2), and the spectral features lie between the spectra of Pd/TiO, obtained in water or
H>/H2O flows. Evidently, Pd is present in the form of predominantly metallic nanoparticles which
show some contribution from oxygen, visible as an increase in intensity of XANES white line
(peak A) and backscattering at 1.6 A (uncorrected for the phase shift) in EXAFS spectra. Figure
5a shows the PdO fraction for the H,/O; ratio variation (Exp. 4-6, Table 2) and the residence
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time variation (Exp. 7-9, Table 2) in comparison to the reference experiments. The ex situ
sample and the wet sample both contained a PdO fraction of roughly 22 %, while the wet sample
was slightly less oxidized. In contrast, the sample flushed with hydrogen dissolved in water was
almost fully reduced with a PdO fraction below 2 %. The same reduced state was observed
during H20; synthesis under hydrogen rich conditions (H./O- ratio > 2). This can be explained
according to the stoichiometry of water formation, if the H./O; ratio exceeds this limit all oxygen
in the feed can react to water and the excess hydrogen can then reduce the palladium over time.
All other reaction experiments with H2/O> ratios below 2 did show an average PdO fraction of
about 15 % at the outlet and a fraction of 10 % at the inlet of the catalyst bed. The oxidation
state of the active catalyst (balanced H»/O. ratio between 0.5-2) is therefore between a fully
reduced state and a partially oxidized state of the ex situ sample. The ex situ sample was most
likely partially oxidized by oxygen present in the atmosphere as it was not rendered inert by any
reductive pretreatment at high temperature. Furthermore, the inlet of the catalyst bed was
always more reduced than the outlet (Figure 5). Hence, more hydrogen was consumed than
oxygen, which shows the favored water formation and is consistent with the low H.O. yield
observed during XAS studies. In addition, the clearly visible hydrogen consumption leads to the
conclusion that the reaction was not only influenced by the H,/O; ratio in the feed but it was also
influenced by the change of the H./O, ratio along the catalyst bed (i.e. a gradient of H./O- ratio
along the catalyst bed occurred). The trend of PdO fraction extracted from the XANES (Figure
5a) spectra was in line with the average coordination number of oxygen in the first shell of Pd
obtained from EXAFS analysis (Figure 5b).
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Figure 5. (a) PdO fraction obtained from XANES analysis and (b) average coordination humber
of Pt with respect to the O-backscatterer from EXAFS fitting.

Usually, the formation and stoichiometry of Pd hydride is identified from the increase in Pd-Pd
bond distances, e.g. extracted from the EXAFS or XRD [48,52], from the relative intensity of the
first two peaks in the XANES at 24390.5 eV and 24406.6 eV, called peaks A and B (Figure 3a
and 4a, lower A/B ratio is a signature of PdH,), and also from the shift of the peak B (to lower
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energy for PdHy, cf. Figure 6) [47]. The sample flushed with H- dissolved in water, the Pd foil and
the experiment under hydrogen rich conditions (H./O- ratio > 2) showed the smallest values for
the A/B peak ratio from the XANES (Figure 7). The highest values were calculated for the ex situ
sample and the wet sample flushed with water. The peak ratios of all other reaction experiments,
including hydrogen lean and balanced conditions, were between these extremes. Due to the
similarity to the results for the PdO fraction, the A/B peak ratio is possibly strongly influenced by
the degree of reduction. Since A/B ratio is also influenced by the oxidation state, although a
qualitative trend (Figure 7a) is in line with possible Pd hydride formation at higher H»/O; ratios, it
alone could not serve as a proof of PdH, formation. The same applies to the increase in Pd-Pd
bond distance which was always within error bars (<0.01 A, cf. Table 2) unless the catalyst was
exposed to the excess of H,. The two exclusions however showed a significantly increased Pd-
Pd bond of about 2.81 A compared to 2.73 A in other cases. We should note that the changes
from Pd° which lie within error bars are typically observed for an a-PdHx phase [47].
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Figure 6. XANES spectra of the active Pd catalyst (H2/O; ratio of 0.5-1, exp. 6, outlet) as well as
Pd° and B-PdHy references.

a-PdHy is present as long as free space in the lattice can be occupied by hydrogen without
swelling [47]. Formation of B-PdHx phase occurs, when hydrogen needs more space than
available and therefore the lattice has to change through isotropic expansion [53,54]. At a Pd-Pd
distance of 2.81 A B-PdHx phase formation is completed and further hydrogen uptake is not
possible, as measured under hydrogen rich and H»/H,O conditions. In contrast, all other
experiments showed no indication for 3-PdHx formation due to a Pd-Pd bond length similar to
pure Pd. However, the number of Pd neighbors in the first coordination shell increased from 5 for
the ex situ sample to 6-8 for the reaction experiments (hydrogen lean and balanced H2O: ratios)
to 9-10 for the experiments with excess hydrogen. The increase in Pd-Pd coordination number
upon hydrogen sorption was observed previously [55] (reporting the same coordination numbers
and also an increase from 7.5 (2.5 nm Pd NPs) to 9.0 (hydride PdHX) in the gas phase, i.e.
without possibility to lose Pd?* in solution. In our case the increase in Pd-Pd coordination number
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may also be attributed to reduction (which we see as decrease in Pd-O coordination number and
also in the intensity of the peak A in XANES, Fig. 6), thus, as reaction conditions change Pd
particles may undergo shape change or redispersion and particle growth as a result of exposure
to more oxidizing or more reducing flows. Indeed, exactly the morphological variation from a flat
toward a hemispherical particle shape was held responsible for reversible variations of Pd-Pd
coordination numbers upon reduction and reoxidation of Pd nanoparticles by M. Newton et al.
[56]. Zlotea et al. [55] based on in situ XRD results proposed that hydrogen absorption causes
structural transformation of Pd nanoparticles from cuboctahedral to icosahedral symmetry.
Cuboctahedron is enclosed by {100} and {111} surfaces where Pd atoms have eight and nine
nearest neighbors, respectively, while icosahedrons is capped by {111} surface which increases
the average Pd-Pd coordination number in the new structure.

Theoretically a combination of 10-15 % of single Pd?* complexes in the liquid phase and
completely O-free PdHx nanopatrticles may also explain the observed average oxidation state of
Pd, however, a coincidence of the measured average Pd oxidation state with the one based on
the assumption of surface oxygen is unlikely. No leaching of Pd?* in the liquid phase is further
supported by the fact that Pd was not detected in the effluent after tests and that the total height
of the Pd K X-ray absorption edge in the XANES spectra remained unchanged (prior to
normalization, not shown).

In comparison to pure palladium oxide (3 A [51]) and the experiments with excess H.the Pd-Pd
distance is smaller for the reaction experiments, which means lattice oxygen is highly unlikely
during reaction, since a Pd-Pd bond increase [35] was not observed for the hydrogen lean
condition (H2/O- ratio < 0.5) or the as prepared sample. Subsequent STEM analysis (see Sl
Figures S2-S3) showed that the calcined catalyst had sub-nanometer sized Pd particles. After
reduction, the particle size increased to an average of about 2.8 +/- 1.5 nm, and Pd particles
were clearly visible. STEM analysis of the catalyst following H2O. synthesis experiments at the
synchrotron radiation source showed a reduction in particle size to 2.1 +/- 1.2 nm together with a
lower size distribution. This effect correlates with the findings in the EXAFS as stated above,
with the apparent increase in Pd-Pd coordination number during reaction due to restructuring of
the Pd NPs. The icosahedron formation leads to an increased density, hence decreased volume.
Pd leaching was excluded by metal content analysis and constant height of Pd K X-ray
absorption edge.

During the study it was noticed that with higher H, content and the consequent reduction of Pd
(Exp 1-3, Table 2) the Debye-Waller factor 02 also increased (Table 2). Increase in the Debye-
Waller factor in Pd-H, systems was also observed in [48,53,55,57] and ascribed to
inhomogeneous H distribution in Pd nanoparticles (more H, therefore, higher distortion in the
shell and H-free Pd core) resulting in broader distribution of Pd-Pd interatomic distances. Thus,
the increased Debye-Waller factor supports observation of PdHy during H.O, synthesis.

Another indication of Pd hydride formation is a shift of the rising edge or E, (defined as the
inflection point on the rising edge or maximum of the first derivative) in the XAS spectra.
Oxidation of Pd shifts rising edge and E, to higher energy (Figure 3a) while the rising edge in the
PdHy spectrum here was shifted to lower energies (Figure 6). Figure 7b summarizes the position
of the rising edge in the obtained XANES spectra at a normalized absorbance 0.815 (isosbestic
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point of Pd® and PdO) and unlike the A/B ratio, this value was not influenced by partial oxidation
of Pd. Clearly, under Hz excess conditions a strong shift of the rising edge to lower energies is
observed, the same applies for all measurements at the outlet positions made during H>O>
synthesis. Interestingly, these data suggest higher fraction of Pd hydride at the outlet of the
catalyst which is in contradiction to the observations of A/B peak ratio. Here we should once
again consider that A/B peak ratio is influenced by both hydride fraction and PdO fraction,
therefore we believe that the trend of the rising edge position should be followed when
estimating H content in the Pd hydride. This brings an unexpected observation that the outlet
zone of the catalyst bed is characterized by both higher Pd hydride fraction and slightly higher O
content than in the inlet. One possible explanation is that ensembles of O and H atoms are
needed for reaction, so that at lower partial pressures O and H atoms still sit on/in Pd but do not
react.
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Figure 7. (a) A/B peak ratio and (b) position of the rising edge at normalized absorbance 0.815 in
the XANES spectra of Pd/TiO, under H,O; synthesis and reference conditions.

Reaction mechanism

A tentative reaction mechanism for the direct synthesis of H,O; at high pressure in continuous
flow is shown in Figure 8. During H>O: synthesis experiments oxygen was clearly present on the
palladium surface and was not incorporated in the lattice. Furthermore, hydrogen was found to
be dissolved in palladium in the form of a-PdHy during hydrogen peroxide formation (balanced
H,/O, ratio) (Figure 8, bottom arrow). In contrast, 3-PdHy formation was observed with excess
hydrogen where no H,O, was detected (Figure 8, top arrows). From the literature, in both PdHy
phases hydrogen occupies octahedral sites in the Pd lattice in a dissolved state in single atom
form, which can be considered as an activated state [58]. Hence, this work is an experimental
indication that lattice hydrogen plays a crucial role in the reaction network of direct synthesis of
hydrogen peroxide on metallic palladium, while oxygen is only reacting from the palladium
surface. This is in line with the suggestion of the literature that subsurface hydrogen is important
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for the performance of the reaction [12-14]. Furthermore it is an alternate explanation for the
observation of Wilson and Flaherty [30] that a Langmuir-Hinshelwood mechanism is unable to
describe the direct synthesis reaction. Hence, besides catalyst surface also shape, volume and
dissolution kinetics have to be taken into account for the reaction mechanism as a consequence
of these findings.

@-8-0
OPd

Pd’ Osurf. - PdHX, Osun‘. R-PdHx

Figure 8. Schematic representation of the structure of Pd nanoparticles at different stages of
direct H20- synthesis as observed by operando XAS.

In regards to product selectivity, it is often observed that H,/O; ratios with excess oxygen show
increased selectivity to H,O,. On the one hand, this is due to the stoichiometry of the reaction,
on the other hand, oxygen adsorption is favored on the palladium surface [58]. Hence, the
amount of surface hydrogen is lowered (if sites are shared) or the adsorption is slowed down.
Furthermore, hydrogen dissolution in the Pd lattice might be hindered as well as also suggested
by [12,13] that impurities enhance selectivity by limiting hydrogen uptake. Both could cause a
positive effect on the selectivity by slowing down the overall reaction and thereby limiting the
hydrogenation of H.O, to water. This could be explained by a reduced total amount and mobility
of hydrogen in partially oxidized palladium lattices as mentioned by Like et al. [10]. Furthermore,
unreactive surface oxygen effectively lowers the number of available catalyst surface sites.
However, if the lattice is fully oxidized to PdO the reaction cannot take place via lattice hydrogen
at all and the reaction can only take place via surface hydrogen or H* dissolved in the solvent. A
similar behavior was experimentally found by operando studies for Pd catalyzed alkyne
hydrogenation [59]. In this case selective hydrogenation was only possible after decoupling of
surface and bulk events of palladium. In the end, the main question that evolves is which of the
possible active forms of hydrogen favors H.O. formation? Lattice hydrogen dissolved in
palladium, surface hydrogen adsorbed on the catalyst surface or protic H* dissolved in the
solvent? A definitive answer to this question will be integral to the design of future catalysts to
promote the highest efficiency and selectivity for this valuable chemical process.

Conclusions

This work constitutes the first operando XAS study of H»O direct synthesis performed in
continuous flow at elevated pressures. The experiments were able to reveal as yet unknown
insights into the reaction mechanism of the direct synthesis reaction by combining catalytic
performance measurements with operando XAS. XANES and EXAFS observed Pd
nanoparticles with a metallic core. Under reaction conditions chemisorbed oxygen was found on
the catalyst surface, while hydrogen dissolved in the Pd lattice was deduced from the formation
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of palladium hydride. For H,/O; ratios < 2 a-PdHx was suspected, for H,/O; ratio > 2 3-PdHj.
H.O, was only detected together with a-PdHx, which corresponds to H./O- ratios from 0 to 2
being reasonable for H>O2 synthesis. In contrast, conditions with excess H> (H2/O: ratio > 2) lead
to B-PdHy formation, which favors the formation of water. For both PdHy phases, changes in the
lattice were visible by changing numbers of Pd neighbors. Pd-Pd bond expansion was observed
due to R-PdHy formation as reported in the literature. The XAS results are evidence for a
reaction of oxygen chemisorbed on the surface with hydrogen dissolved in the palladium lattice.
This phenomenon serves as an additional explanation for why a Langmuir-Hinshelwood
mechanism is unable to describe the direct synthesis reaction on palladium nanoparticles.
Furthermore, for an adequate description of the reaction kinetics, catalyst shape and volume has
to be taken into account for metallic palladium catalysts. However, lattice hydrogen might not be
the only active H species in this reaction system. It is very likely that different activated H
species are present dissolved in the reaction medium or on the catalyst surface dependent on
the conditions present. In order to answer the question, which H species is favoring the H.0-
formation, future experiments should be performed while altering the activated hydrogen form.
This could be achieved by changing the ratio of catalyst surface to volume through particle
diameter and shape. Another possibility would be the preparation of partially oxidized
nanoparticles with Pd-PdO phase mixtures or partially reduced PdO catalysts with a metallic Pd
shell. These experiments will substantiate our understanding of the reaction mechanism and
provide the basis for knowledge-based design of catalysts with improved activity, selectivity and
long-term stability.

Supporting Information
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emission spectroscopy (ICP-OES), S6 - Exemplary EXAFS fits
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