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A B S T R A C T   

To facilitate the change from a centralized to a decentralized production of H2O2 whilst increasing the overall 
safety of the production, the direct synthesis of H2O2 is currently being investigated as an interesting alternative 
to the established anthraquinone auto-oxidation process. However, for this approach a reliable and industrially 
viable solution is needed to immobilise the catalyst inside the reactor system, thus eliminating the need for cost 
and time intensive post process removal of the catalyst from the product as it is practiced in current existing 
slurry reactors. In this work we present a route to coat Pd/TiO2 catalyst onto additively manufactured steel 
substrates via a simple washcoating process. The resulting structured catalysts show good activity towards the 
direct synthesis reaction and can be considered stable for the herein investigated process, since they do not show 
any deactivation during repeated measurements, nor was any mass loss of the coating observed. The sustained 
catalyst performance and the uniform physical  properties of the coatings are attributes of the reliability and 
reproducibility of the coating process.   

1. Introduction 

Hydrogen peroxide (H2O2) is increasingly gaining importance as a so 
called green oxidizing agent [1,2]. Its potential to chloridic oxidiziers 
has been recognised by many sectors such as paper and pulp industry 
[3–5], waste water treatment and clinical disinfection [3,6]. However, 
the current main production route via the anthraquinone auto-oxidation 
process [7] is still preferably used for the production on a larger scale (>
40,000 t a− 1 [8]), because of the high energy demand of the synthesis 
process [3] and the subsequent waste processing [9]. Thus, up to now, 
H2O2 is mainly produced in centralised mega-plants [8,10], which 
makes it necessary to transport H2O2 to the end-user, often over large 
distances [11]. To maintain the productions economic feasibility, the 
product is often concentrated before its transport, to reduce the trans-
port costs per gram H2O2. But, since most end-user applications require 
lower concentrations of H2O2, the chemical has to be re-diluted again at 
its final destination. The additional intermediate concentration, the 
transport itself and the final re-dilution step not only increase the cost of 
H2O2 [3], but also lead to a non-negligible safety risk during the trans-
port, as the concentrated H2O2 is highly explosive [11,12]. 

For this reason, a lot of research has been conducted to explore 
alternative, decentralised production ways for H2O2 over the past de-
cades [11]. The direct synthesis over noble metal catalysts in a liquid 
phase presents an alternative of interest. Supported noble metal cata-
lysts as palladium or platinum have proven to be very active for this 
reaction [8]. However, noble metal catalysts not only enhance the H2O2 
synthesis reaction itself (H2 + O2 → H2O2), but also catalyse the unde-
sired side reactions including water formation (H2 + ½O2 → H2O), the 
consecutive decomposition of H2O2 (H2O2 → H2O + ½ O2) and the hy-
drogenation reaction (H2O2 + H2 → 2 H2O). Therefore, development 
and tuning of the catalyst system is highly desired and of great interest 
for current research [13–16]. 

But not only a suitable catalyst system is needed to flatten the path in 
the direction of a decentralised production, also an innovative reactor 
concept has to be found to deal with the challenges arising from the 
direct combination of H2 and O2. Inoue et al. developed a micro-
structured lab scale reactor with channel width and depth of 600 µm and 
900 µm respectively to improve the mass transfer in the system and at 
the same time keep the dimensions of the reactor channels below the 
ignition length of H2/O2-explosions. In this concept the catalyst is 
implemented as a fixed-bed [17]. Fixed-bed reactors, however, are often 
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associated with diffusion limitations, limiting the overall efficiency of 
the reaction system [18]. Selinsek et al. made progress on the design of a 
microstructured membrane reactor with incorporated reactant resatu-
ration. By introducing a membrane into the concept, the bubble-free 
dosage of the reactants is made possible [19,20]. In this reactor sys-
tem, the catalyst needs to be suspended in the liquid reaction medium or 
be applied as a wall coating [20]. This means, the catalyst has to be 
separated from the product solution after the reaction or the whole 
reactor has to be serviced to recover the catalyst after the process 
respectively. 

Continuous flow processes are already commonly used in the chemical 
industry (i.e. [21]), but are gaining increasing importance also in the 
pharmaceutical industry [22]. Supported structured catalysts have the 
capability to contribute to the sustainable chemical industry of the future 
[23]. Flow enhancing structures as static mixers [24–26] or fluid guiding 
elements (FGE) [27,28] are possible channel inserts which not only 
enhance mass transfer processes in the reacting fluid, but can serve as 
catalyst carriers at the same time, replacing conventional wall-coatings. In 
comparison to conventional fixed-beds, they reduce the observed pressure 
loss and lead to less temperature hot-spots in the reactor system [26]. 

In this work we present a simple and scalable catalyst coating method 
onto a specifically additive manufactured structured catalyst support for 
the direct synthesis of H2O2 while maintaining considerable activity and 
stability for the use in an envisioned tubular membrane reactor. The ad-
ditive manufactured fluid guiding elements (FGE) [27], were chosen as 
flow enhancing geometry for the catalyst substrate structure. The main 
benefit of this form of process intensifying channel inserts is the 
enhancement of mass transfer in combination with the preservation of a 
low pressure drop resulting from the laminar flow regime, as confirmed by 
different simulations [27,29]. The catalyst of interest is a Pd/TiO2, as 
compared with a commercial Pd/Al2O3 catalyst. Thoroughly investigated 
by density functional theory (DFT) calculations and experiment, Pd shows 
the most promising catalytic activity towards the direct synthesis of H2O2 
amongst the monometallic catalysts in question [8,30]. The easy adapt-
ability and scalability to variate catalyst systems [31] makes washcoating 
processes attractive for industrial applications. For these reasons, a 
washcoating procedure is chosen to apply the catalyst on the channel in-
serts. The productivity of the developed coatings is used to quantify and 
compare the suitability of the coatings for the direct synthesis application, 
with respect to the chosen catalyst support, i.e. Al2O3 and TiO2, and 
Pd-loading, i.e. 1 wt.-% and 5 wt.-% and investigate possible catalyst 
deactivation. Optical inspections and element analysis of catalyst coating 
after the reaction are conducted to study the stability of the coatings. The 
reproducibility, and therefore reliability of the coating procedure, is 
assessed via the determination of the deposited amount of catalyst and the 
productivities achieved with different samples. 

2. Methods 

2.1. Design and fabrication of the carrier structures 

Specially designed and additive manufactured FGE are used as car-
rier structures and catalyst substrate for the supported catalysts. One 
FGE consists of several radially and axially aligned fluid guiding blades 
(FGB) and plane intermediate segments (ISE), which together can be 
summarised as a fluid guiding unit (FGU). Several FGUs are arranged in 
radial and axial direction to form the final fluid guiding element. The 
general working principle of the geometries was first presented in [27]. 
The segment of an FGU from FGBs and ISEs is shown in Fig. 1a and b in 
top and isometric view respectively. 

These complex structures cańt be fabricated by classic manufacturing 
methods which is why they are formed from metal powder by a powder 
bed fusion process of metals using a laser-based system (PBF-LB/M). 

The design of the structures is created in Autodesk Inventor® and 
exported to IGS-file format using the internal export. The IGS-files are 
afterwards converted to readable STL-files using PTC Creo® to ensure 
better compatibility. The samples are then manufactured on a Realizer 
SLM 125 (DMG Mori, Germany) machine. The system is equipped with a 
400 W yttrium fibre laser and a F-Θ lense system. The squared building 
plate has a size of 125 × 125mm2 and therefore offers the option to print 

Abbreviations 

Al2O3 Aluminium Oxide 
DFT Density Functional Theory 
FGB Fluid Guiding Blade 
FGE Fluid Guiding Element 
FGU Fluid Guiding Unit 
H2O2 Hydrogen Peroxide 
H2O Water 
HPLC High Performance Liquid Chromatography 
ICP-OES  Inductively Coupled Plasma - Optical Emission 

Spectrometry 
ISE Intermediate Segment 
O2  Oxygen 
PBF-LB/M Powder Bed Fusion Process of Metals using a Laser 

Based System 
Pd P a lladium 
Pt Platinum 
SEM Scanning Electron Microscopy 
TiO2 Titanium Dioxide 
WDX Wavelength-Dispersive X-Ray Spectroscopy 

Symbols 
c molar concentration (mol L− 3) 
m mass (g) 
V̇L volume flow (mL min− 1)  

Fig. 1. Schematic representation of a FGU consisting of FGB and ISE segments in top and isometric view, (a). Illustration of a FGE with five radial and axial FGUs, 
respectively, the flow direction is indicated by a green arrow, (b). 
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several specimens at once. To print the structures, a spot size of around 
25 µm is chosen to melt the stainless steel powder (1.4404, Carpenter 
Additive, UK (d3,50 = approx. 31 mm)). For this study, structures with 
five axial and five radial FGUs are used as carriers for the catalyst. The 
resulting FGE geometry is given in Fig. 1c. 

2.2. Catalyst preparation 

In our case, a Pd/TiO2 catalyst with different Pd-loadings, i.e. 1 wt.- 
% and 5 wt.-% Pd, was synthesised via an adapted incipient wetness 
impregnation procedure [32,33], as described in [34]. 

Briefly, palladium(II) nitrate hydrate (Pd(NO3)2xH2O, ACROS Or-
ganics) and titania (BET-surface area: 35-65 m2 g− 1, AEROXIDE® TiO2 
P25, Evonik Industries) are each dispersed under continuous stirring in 
deionized water (DI, MilliQ) at 80 ◦C. The palladium nitrate solution is 
then slowly dripped into the homogeneous titania suspension under 
continuous stirring at 80 ◦C using a single-use syringe. The suspension is 
kept at 80 ◦C and further stirred, until its texture becomes paste-like. 
This paste is dried under static air at 110 ◦C (ramp of 5 ◦C min− 1) for 
11 hours in a muffle furnace (M110, Thermo Scientific) to remove water 
residues, followed by calcination at a set temperature of 400 ◦C (ramp of 
9.7 ◦C min− 1 from 110 ◦C for 5 hours) for further 3 hours in the same 
furnace. To shatter possible agglomerates, the catalyst is mortared by 
hand and sieved into fractions below 200 µm (Analysette 3 PRO sieving 
machine, Fritsch GmbH). The palladium on the catalyst is then activated 
in a final reduction step, by heating it to 200 ◦C in a 5 % H2 in Ar flow 
(Arcal15, AirLiquide) for 3 hours (ramp of 2.8 ◦C min− 1) in a tube 
furnace (RO 4/25, Heraeus). The catalyst is then sieved into fractions of 

50–200 µm and below 50 µm. The particle sizes are confirmed by static 
laser light scattering measurements (HORIBA LA-950, Retsch Technol-
ogy) of 1 g of dispersed catalyst particles in ethanol. 

A commercial 5 wt.-% Pd/Al2O3 catalyst (Sigma-Aldrich) was used 
for the comparative investigations of the support. 

2.3. Catalyst coating 

Washcoating procedure is used to depositing catalysts onto metal 

surface, which requires the preparation of a catalyst slurry. In our study 
the sieved fraction of below 50 µm is derived from the catalyst described 
in 2.2 dispersed into water to form the coating slurry for the subsequent 
washcoating steps. Stainless steel is known to decompose H2O2. For this 
reason, prior to coating, the FGEs are passivated in a bath of nitric acid, 
following the passivation procedure, as described in [35]. The FGE are 
then rinsed thoroughly with water afterwards. 

The catalyst deposition was achieved via an easily scalable wash-
coating procedure [25]. First, a washcoating slurry typically containing 
15 wt.-% of solids was prepared by adding the respective catalyst powder 
to deionized water and stirred for several hours to form a homogeneous 
slurry mixture. The pre-treated stainless steel FGEs were oven dried at 110 
◦C for 2hours before washcoating them by dipping them into the catalyst 
slurry for a few seconds followed by removal of the excess material to 
prevent blockage of the internal openings of the FGEs. The washcoated 
FGEs were dried at room temperature for over 16 h and subsequently in a 
fan forced oven at 120 ◦C for a further 4 hours. The washcoating and drying 
steps were repeated several times until the desired catalyst loading value 
(typically 9.2–9.8 wt.-% of 1 wt.-% Pd/TiO2 catalyst) was achieved. The 
amount of catalyst loading is determined via weighing of the FGE samples 
before the first coating cycle (blank specimen) and at the completion of the 
whole coating process. In order to clearly categorise our synthesis exper-
iments it was decided to use a nomenclature; the simple coding in (1) 
below gives a brief explanation of the used identifiers including an 
example of the first experimental run with washcoated sample A with a 
layer of 5 wt.-% Pd/TiO2. The first part of the coding described the form of 
the investigated catalyst, washcoat (= WC) or fixed bed (= FB). The 
identifiers for the support material, i.e. Al2O3 and TiO2, are represented by 

a digital descriptor (1 = yes, 0 = no).  

Table A.2 in the Appendix gives a detailed overview over the samples. 

2.4. Reaction assessment 

2.4.1. Test rig 
Fig. 2 shows a schematic of the test rig used to examine the reactive 

behaviour of the structured catalyst. Its configuration is adapted from 

Fig. 2. Process flow diagram visualizing the experimental set-up for the conducted measurements to investigate the activity of the coatings.  

(1)   
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[36]. It enables the dosage of a bubble-free reaction mixture which 
makes it possible to study equimolar H2/O2 ratios without the necessity 
to dilute the composition with an inert gas. Though this configuration 
leads to a limitation of gaseous reactants due to the saturation limit of 
the liquid phase, this setup is deemed suitable for our proof-of-concept 
study presented hereafter. Two feed container filled with the solvent 
are presaturated with hydrogen and oxygen via rotameters. Both con-
tainers as well as the product container can also be flushed with nitrogen 
for safety reasons. Two high performance liquid chromatography 
(HPLC) pumps (BlueShadow 40P, Knauer) control the flow of the pre-
saturated solvents. Before entering the reaction unit, the two single 
phase liquid streams are mixed in a tee piece. The depicted bypass can be 
used to confirm the presence of a bubble-free flow, as required by safety 
precautions. A sampling tap is installed directly after the reactor to pour 
samples for external UV–vis analysis (see Section2.4.2) of the product 
containing solution. The tubing between the feed containers and the 
sampling tap are all made of stainless steel. To investigate the coated 
structures, the specimen is inserted into a 10 mm stainless steel tube 
with the long ISE pointing downstream. Before each experiment, the 
correct orientation of the sample in the test tube is ensured. The tube 
was then mounted in the position of the reaction unit, as indicated in 
Fig. 2. 

For the fixed bed experiment, 16 mg of the solid catalyst powder 
(fraction: 50 - 200 µm) are loaded in the cuboid slit of a stainless steel 
microreactor flow cell. A more detailed description of the design of the 
flow cell can be found in [36]. Before and after the catalyst bed, a layer 
of quartz wool, silicon carbide (sieve fraction: 50–200 µm, Alfa Aesar) 
and another layer of quartz wool were filled into the reactor to compact 
the bed and prevent the catalyst from being washed out. The filled flow 
cell was then mounted in the position of the reaction unit, as indicated in 
Fig. 2. 

2.4.2. H2O2-quantification via UV–vis spectroscopy 
UV–vis spectroscopy is a commonly used photometric method to 

determine the concentration of H2O2 in solutions. Its concentration can 
be derived from the absorbence of the yellow-coloured complex, which 
H2O2 forms with titanium(IV) oxysulfate [37]. The measured absorb-
ence can be directly converted into the concentration of H2O2 according 
to a calibration using known H2O2 concentrations. 

The aqueous titanium reagent is prepared according to the method 
described in [38]: 25 g of TiOSO4 (pro Analysis, Riedel-de Haen®) are 
added to 1 L of 2mol L− 1 sulfuric acid (95–97 % for analysis, Sigma 
Aldrich) under continuous stirring. 

For the measurements, the product sample containing H2O2 is mixed 
with the titanium sulfate solution with a ratio of 9:1. The sample mixture 
is analysed in a 5 mm optical quartz glass cuvette (QS, Hellma Analytics) 
using an Agilent 8453 UV–vis spectrometer at 409 nm wavelength. Each 
product sample mixture is analysed five times to minimise measurement 
uncertainties. To avoid systematic measurements errors, the samples are 
analysed in randomized order. 

2.4.3. Experimental proceeding 
The described test rig mainly consists of stainless steel tubing, which, 

as already mentioned in Section2.3, is known to decompose H2O2. All 
metal parts are thus also passivated following the standard passivation 
procedure using nitric acid prior to use [35]. 

Before each experimental run, gaseous H2 and O2 are bubbled into 
the aqueous reaction medium (H2O (DI, MilliQ) + 0.15 mmol L− 1 H2SO4 
(95–98 %, Sigma Aldrich) + 4mmol L− 1 NaBr (Merck)) for two hours. 
The reaction medium is stored in two separate feed containers. This 
procedure ensures that each feed is fully saturated with the respective 
gas. Afterwards, hydrogen saturated solvent (flow rate: V̇L =5 mL 
min− 1) is led over the investigated catalyst for 30minutes to create 
standardised metal oxidation conditions of the catalyst in each experi-
mental run. After the 30minutes, H2 -and O2-saturated solvent (total 

flow rate: V̇L =5 mL min− 1) is led through the reaction unit for the 
synthesis reaction experiments. 50 mL of the resulting product con-
taining solution are collected in clean glass bottles and are stored cool 
and dark until analysis via UV–vis spectroscopy. The stability of the 
samples has been verified vicariously for randomly chosen samples by 
repeated analysis of the same sample at random points of time over the 
course of up to eight weeks. 

To investigate the hydrogenation behaviour of the coating, 1 mM 
H2O2 solution in aqueous reaction medium is flushed with nitrogen for 
two hours in one of the feed vessels, to ensure that no oxygen is present 
in the solution. Gaseous H2 is bubbled into the pure reaction medium in 
the other container at the same time. Also, in these experiments, the 
investigated catalyst is hydrogenated by exposing it to the hydrogen 
saturated solvent for 30minutes. The feed is switched again and 
hydrogen saturated reaction medium as well as H2O2-spiked solvent are 
led through the reactor with a total flow rate of V̇L =5 mL min− 1, while 
ensuring an equimolar mixing ratio of 1:1. For each experimental run, 
the spiked solution is analysed for its exact H2O2concentration prior to 
the experiment. The decomposition activity of the catalyst is checked in 
another set of experiments, in which only 1 mM H2O2 spiked solvent is 
led through the reaction unit. Again, the spiked solvent is flushed with 
nitrogen and each coating is activated by exposure to hydrogen satu-
rated pure solvent prior to each experiment for 30minutes. The 
H2O2concentration of the feed before the reaction is monitored, as well. 
After the activation of the catalyst, the feed stream is changed to the 
H2O2 spiked solvent stream (flow rate: V̇L =5 mL min− 1). 

All experiments are conducted under ambient pressure and at room 
temperature. 

2.4.4. Productivity assessment 
The productivity of the catalyst towards the synthesis of H2O2 is 

chosen as a measure to evaluate the suitability of the proposed coatings. 
The catalyst effectiveness is assessed by the H2O2 formation rate 
expressed as mol of H2O2 and liquid volume flow rate per unit mass of 
metal catalyst in Eq. (2). To compensate for operational instabilities and 
measurement deviations, the mean productivity is determined. There-
fore, the productivities of each sampling time are summed up to their 
weighed mean, using the standard deviation as a weighing factor. The 
synthesis reaction is performed in the test rig described in 2.4.1. 

productivitysynthesis =
cH2O2 ⋅ V̇L

mPd
(2) 

The productivity of the catalyst for the hydrogenation reaction is 
assessed accordingly after the relation formulated in Eq. (3). 

productivityhydrogenation =

(
cH2O2 , in − cH2O2 , out

)
⋅ V̇L

mPd
(3) 

To precisely describe the productivity, it is necessary to identify the 
exact amount of the active metal component in the catalyst (layer). 
Therefore, inductively coupled plasma optical emission spectrometry 
(ICP-OES) measurements are performed on the fresh catalyst using an 
iCAP 7600 Duo from Thermo Fisher Scientific. 

2.4.5. Stability assessment 
To assess the stability of the catalytic coating after each run, the same 

wash coated sample is tested under reaction conditions for several times. 
The sample specimen is demounted from the reactor tube after 7 h on 
stream and is air-dried under ambient conditions over night. The pro-
ductivities are then compared over the course of 7 h. 

In order to qualitatively identify possible leaching and grade the 
adhesion of the catalyst, the examined samples are weighed with a high 
precision balance (ABJ-M/ABS-N, Kern®) before and after each exper-
imental run. 

The composition of the coating after the reaction can serve as an 
indicator for possible corrosion processes. Again, ICP-OES analyses are 
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conducted. For the preparation, around 100 mg of the coating are 
scraped off the surface of the support structure and decomposed by acid 
using temperature and pressure. 

2.4.6. Reproducibility 
The reproducibility of the coating method is quantified by coating 

two carrier structures following the same procedure. For both runs the 
amount of deposited catalyst is determined via weighing of the samples 
as indicated in 2.3. 

The samples are then consecutively exposed to reaction conditions 
and the productivities measured over seven hours on stream are 
compared. 

3. Results and discussion 

3.1. Evaluation of the coating 

Fig. 3a shows a picture of the uncoated FGE substrate and the FGE 
substrate after the application of the washcoating, respectively. The 
applied coating appears as a uniform layer and the geometric details of 
the FGE are preserved. Since the openings of the different blades are not 
blocked by the application of the coating, the flow guiding function of 
the substrates is sustained. 

SEM images of the coating. In Fig. 4 the cross-section of the coated 

Fig. 3. Picture of the prepared coated structures: before (blank) and after coating (1 wt.-% Pd/TiO2). The applied 1 wt.-% Pd/TiO2-coating is clearly identifiable by 
the black colour (a). Picture of the samples with different Pd-loading, i.e. 5 wt.-% Pd/TiO2 and 1 wt.-% Pd/TiO2 (b). The higher metal content leads to an almost black 
appearance of the coating after the final reduction step. 

Fig. 4. SEM images of the cross section of a coated FGE at the position of an 
ISE. Magnification of 50 (a) and 500 (b). 

Fig. 5. Maps of the element distribution from WDX-measurements with magnification factor of 2500: material content for O2 (a), Ti (b) and Pd (c) as well as the 
corresponding SEM-image as a reference of the 1 wt.-% Pd/TiO2-coating applied as washcoating in this work (d). 

Fig. 6. Maps of the element distribution from WDX-measurements with magnification factor of 2500: material content for O2 (a), Ti (b) and Pd (c) as well as the 
corresponding SEM-image as a reference of the 50–200 µm fraction of the 1 wt.-% Pd/TiO2 catalyst used as catalyst for the washcoatings in this work (d). 
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sample is shown in images from scanning electron microscopy (SEM) 
(JXA 8530F, JOEL) with different magnifications, the green rectangle in 
Fig. 4a marking the image detail magnified in Fig. 4b. From the scale 
bars, an active layer thickness of approximately 100 µm can be calcu-
lated. The white spots visible in the dark-grey layer are the Pd dispersed 
in the TiO2. The dark patches are hollow areas, the pores. It can also be 
seen that the layer does not perfectly cover the indentations, as marked 
by the green circle in Fig. 4b. These undercuts are stemming from 
molten metal powder particles from the manufacturing process of the 
substrate. It can also be seen that the wall of the substrate itself does not 
contain any molten material, but is hollow. This is due to the chosen 
laser scanning strategy in the additive manufacturing process. 

WDX of the coating. Wavelength-dispersive x-ray spectroscopy (WDX) 
(JXA 8530F, JOEL) of the coating exposes an even distribution of the 
active component in the layer, as the maps in Fig. 5 are showing. Pores in 
the layer can be identified by dark colours, specifying the absence of the 
respective species (Fig. 5a-c). Unfortunately, adsorption measurements 
using BET analysis (Gemini VII, Micromeritics) wasńt able to quantify 
the porosity of the coated surface, because of the large amount of the 
FGE scaffold. 

WDX of the catalyst. Maps of the elements O2, TiO2 and Pd have been 

conducted by WDX measurements to closely investigate the distribution 
of the elements in a 1 wt.-% Pd/TiO2 catalyst. As it can be seen in Fig. 6c, 
the Pd is mostly evenly distributed in the TiO2 matrix, with the excep-
tion of two larger agglomerates that were captured within this image, 
Fig. 6a and b. ICP-OES analyses of this powder catalyst confirmed the 
targeted loading of 1 wt.-% Pd, see distributions in the Appendix. 

3.2. Productivity 

Fig. 7 shows the measured productivities for the overall synthesis 
reaction, the concentrations measured in the experiments for the 
decomposition of H2O2 and the concentrations as well as accordingly 
calculated productivities for the experiments of the hydrogenation of 
H2O2 for the different samples. The activity towards the synthesis re-
action for the samples WC-10–5 and WC-01–5 with identical, i.e. 5 wt.-% 
Pd-loading on two different support materials, i.e. Al2O3 and TiO2, does 
not vary significantly over the course of the experiments, as can be seen 
in Fig. 7a. The visible variations within each sample are most likely 
traces resulting from instabilities in the operational conditions of the 
setup, such as a slight oversaturation of the feed with one of the reactant 
gases due to fluctuations in the dosage system. The increase of the 

Fig. 7. Comparison of the synthesis activity of the investigated catalyst coatings with different support materials and Pd-loadings, expressed as productivity over 
time on stream (a), the synthesis activity of the investigated catalyst expressed as mean productivity (b), the measured concentrations at the inlet and outlet of the 
reactor for the decomposition of H2O2 (c) and the observed concentrations as well as the resulting productivities for the hydrogenation of H2O2 (d). Lines between the 
measurement points do not represent measured data and are added to guide the eye. 
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measured concentrations over time, and hence increasing productivities, 
is in good agreement with observations in recent studies by Brehm et al. 
[39]. 

The derived mean productivities, which were derived in order to 
make experimental sets comparable by correcting for operational con-
ditions, do confirm the described trend, as indicated in Fig. 7b. A slightly 
higher synthesis productivity is observed for the coatings on TiO2-sup-
ports. For some experimental sets the calculated standard deviations are 
neglectable. In order to evaluate the selectivity of the coatings qualita-
tively, separate measurements looking at the H2O2-decomposition 

activity and the H2O2-hydrogenation activity have been conducted. The 
activity of the evaluated coatings with respect to the investigated sup-
port material towards the decomposition reaction can be neglected for 
both support types, as can be seen in Fig. 7c. A difference of less than 4 % 
between the measured inlet and post-reaction concentration of H2O2 in 
the solvent is observed. The corresponding measurements evaluating the 
hydrogenation reaction show comparable activities of the catalyst across 
all samples for this reaction. For both support types a reduction of 66 % 
of the inlet H2O2-concentration is measured, see Fig. 7d. A finite 
conclusion about the impact of the support material on the subsequent 
reaction paths can not be drawn. However, under our reaction condi-
tions, the impact of the support materials investigated in this study, i.e. 
Al2O3 and TiO2, on the activity of the catalyst towards the decomposi-
tion reaction of H2O2 and one towards the hydrogenation of H2O2 ap-
pears to be negligible. The impact of the metal component loading on 
suspended catalysts for the direct synthesis of H2O2 is subject of several 
studies in literature [39–41]. Thus, this aspect is also deemed important 
for the evaluation of the coatings present in this work; here we looked at 
different Pd loadings on TiO2. Although stronger fluctuations in the 
determined productivity for the direct synthesis reaction over time can 
be observed for the 1 wt.-% Pd/TiO2 coated substrate than for the other 
specimen, it is still very clear to see that the measured productivities, 
related to the amount of Pd in the system, exceed the ones achieved with 
the 5 wt.-% Pd/TiO2 sample, Fig. 7a. A slight increase in the productivity 
with time is observed for the different samples and might be attributed 
to a change in the hydrogenation state of the catalyst. The fluctuations in 
the time dependent outline are again attributed to fluctuations in the 
system environment. Since there is substantially less catalyst, the 
amplitude is increased. Nevertheless, the described overall trend be-
comes even more apparent in the comparison of the respective mean 
productivities, Fig. 7b and is in general in good agreement with findings 
from literature [40,41], suggesting an increase of the selectivity with a 
decrease in Pd-loading. As can been taken from Fig. 7c, the decompo-
sition activity of the two coatings with different Pd-loadings is low and 
almost equal. Also, the activity, expressed as difference in the measured 
concentration at the inlet and outlet, for the hydrogenation of H2O2 
seems to be comparable for both loadings. However, the calculated 
productivities scaled with the respective Pd-loading do show a higher 
activity of the catalyst with the lower metal loading. 

The grey markers connected by the dotted line in Fig. 7a represent 
the temporal evolution of the H2O2 productivity for the 1 wt.-% Pd/TiO2 
catalyst synthesised according to the procedure described in2.2 inves-
tigated as a fixed bed. As it can be seen, no apparent run-in time can be 
observed. The productivity decrease might be explained by the lower 

Fig. 8. Qualitative assessment of the catalytic deactivation of the coating by 
the comparison of the mean productivity of one specimen for several runs after 
drying over night. Due to the scaling of the plot the corresponding error bars are 
not visible. 

Table 1 
Masses of the blank support structure (mblank), net mass of Pd/TiO2 catalyst 
loaded onto the support structure after washcoating (mcat, net) and deducted 
catalyst loading (loadcat).  

Sample mblank mcat,net loadcat 

– g g % 

Batch 1 1.3923 0.123 9.31 
Batch 2 1.4323 0.126 9.27  

Fig. 9. Reproducibility of the washcoating procedure accessed by the mean productivity of specimens from two different coating batches. Productivity over time (a) 
and mean productivity (b). 
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accessibility of the active sites of the Pd in the coating. Reasons for this 
could be the low porosity of the coated layer. Another possible expla-
nation might be that less of the active sites for the synthesis reaction, 
such as (111) faces [42], are accessible in the coating. However, after 
around four hours, a slight decrease in the productivity of the catalyst in 
the fixed bed appears, a clear disadvantage in comparison to the struc-
tured catalysts used. 

3.3. Stability 

Interruptions of the envisioned industrial process are possible, i.e. for 
service and maintenance reasons or black-outs. Thus, deactivation of the 
catalyst after a period of dry-out has to be precluded and is investigated. 
In general, H2O2 and sulphuric acid are known to enhance the corrosion 
of metal surfaces [43,44]. To assess the susceptibility of the coatings 
towards this form of ageing, optical inspections of the catalytic coatings 
and element analysis via ICP-OES of the coatings after the exposure to 
the reaction medium are conducted. Also, the samples are weighed 
before and after each experimental run to quantify the amount of 
leached catalyst. 

3.3.1. Productivity 
The derived mean productivities for the same sample after three runs 

show no apparent loss in the catalytic activity of the coating, as can be 
seen in Fig. 8. On the contrary, the productivities observed seem to in-
crease with each test run, the deviations being statistically relevant. The 
reason for the increasing productivity might be the increased hydroge-
nation of the catalyst coating with each run, due to the H2 pre-
conditioning procedure before each experiment, described in Section 
2.4. The accumulating amount of H2, which diffused into the layer, 
might have activated the catalyst even further and thus have led to an 
increased activity. 

3.3.2. Corrosion and catalyst aging 
As is generally known (e.g. [45]), the abrasion of coating layers 

decreases with exposure time until a virtually stationary state is reached. 
Weighing our samples before and after the test runs reveals that the 
decrease in catalyst mass lies below 3 % of the original catalyst mass. 
Repeated test runs showed an even further decrease in the measured 
mass loss. It can therefore also be assumed for our coatings that the 
observed catalyst mass loss stagnates after seven to 14 h on stream. 

By optical inspection, minor losses and damaging of the coating can 
be detected, compare Fig. B.10 in the Appendix. Also, smaller traces of 
corrosion are found at the edges of the element. These areas are prone to 
corrosion, because of possible minor cracks in the coating, since the 
samples are mainly handled contacted in the edge areas to minimize 
shadowing during the coating and unwanted mechanical abrasion dur-
ing the mounting process in the reactor. 

ICP-OES measurements have been conducted to study the composi-
tion of the catalyst layers after the tests and to analyse possible corrosion 
residues stemming from the stainless steel carrier structure. The results 
show that no detectable Pd-loss was observed. The detailed analysis 
results can be found in the Appendix. 

Taking into account the stability of the mean productivity of the 
coatings, the low mass loss and the ICP-OES results, it can be assumed 
that no significant deactivation of the catalyst layer is to be expected 
even with repeated use under operating conditions. 

3.4. Reproducibility of the washcoating procedure 

For possible later industrial applications, the reproducibility, and 
therefore reliability, of the coating procedure itself has to be ensured. 
Therefore, specimens of samples prepared with the same coating method 

in this work are compared with each other regarding their productivity 
and the amount of deposited catalyst. Weighing of the catalyst carrier 
structures before and after the washcoating shows that the same amount 
of catalyst is deposited in each run (see Table 1). 

Fig. 9a presents the measured productivity towards H2O2 over time 
of two sample specimen coated via the same washcoating procedure and 
with comparable H2-exposure times. Since the mean productivity over 7 
h on stream determined (see Fig. 9b) is comparable for the two repeat 
samples from different coating batches and the measured amounts of 
deposited catalyst are in good agreement within the different batches, it 
can be concluded that the washcoating process is robust and produces 
repeatable coatings with comparable catalytic activities. 

4. Conclusion and outlook 

Additively manufactured structured catalysts present a versatile so-
lution for the replacement of suspended catalysts often used in the direct 
synthesis of H2O2. In this work we showed that our suggested coating 
mechanism for the application of a Pd/TiO2 catalyst on steel surfaces via 
washcoating can produce catalytic layers that are stable, reproducible 
and active for the direct synthesis reaction. 

Further investigations on materials characteristics such as active 
metal loading, catalyst treatment and catalyst particle size are required 
to continue to optimise the presented catalytically active coatings. 
Moreover, the coated substrates need to be tested in the envisioned 
membrane reactor design to test this concept for the decentralised 
production of H2O2. 
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Appendix A. Sample overview 

Table A2 

Appendix B. Optical visible surface alterations 

Fig. B10 

Appendix C. ICP-OES results 

Note: The given values are always relative to the analysed mass. 
Elements such as oxygen can not be determined by ICP-OES method. 
This explains the deviation of the sum of weight of the detected elements 
from the total sum. It is also important to notice that by a higher relative 
share of metals as chrome or nickel, stemming from the steel substrate, a 
lower relative share of titanium is to be expected. Recalculating the ratio 
of palladium to titanium, however, leads to stable palladium loading 
after the exposition to the reaction conditions. 

Fig. 11C 
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