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Supplementary Fig. 1 | Schematic of hydrogen peroxide (H2O2) synthesis by direct and indirect 

methods; a) Direct synthesis requires that both H2 and O2 gases are present in a single reactor at high 

pressure over a catalyst suspension; b) For electrochemical H2O2 synthesis, H2 gas is oxidized to H+ at 

the anode and reacts to O2 at the cathode to generate H2O2; c) For direct synthesis using a Pd membrane 

reactor, hydrogen atoms are produced from water electrolysis which occurs in a separate reactor 

compartment from the production of H2O2. The hydrogen atoms move through the membrane where 

they react with O2 to form H2O2; d) For indirect synthesis, anthraquinone is first hydrogenated using H2 

gas to form anthraquinol (AQ-H2). Subsequent oxidation of anthraquinol reforms the original 

anthraquinone in tandem with H2O2 formation. This process is widely used in industry; e) For 

electrochemical hydrogenation of anthraquinone to produce H2O2, anthraquinone is used as a redox 

mediator in an aqueous solution where it can transfer hydrogen produced from water electrolysis to O2. 

f) For indirect synthesis using the Pd membrane reactor, hydrogen is sourced from water electrolysis 

and separated from the AQ by the Pd membrane. This allows for efficient water electrolysis conditions 

in one compartment of the reactor while maintaining the organic solution in the AQ compartment of the 

reactor and allows for direct integration with current industrial methods for H2O2 production. Hydrogen 

gas denoted in red represents hydrogen sourced from steam methane reforming, while water and 

electricity denoted in green symbolizes that these can be sourced from renewable energy. 

  



 

3 

 
Supplementary Fig. 2 | External batch-type reactor setup showing wires to the working electrode, counter 

Pt electrode, Ag/AgCl reference electrode, Pd foil position, N2(g) inlet, heating sand bath, electrochemical 

chamber, and hydrogenation chamber. 
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Supplementary Fig. 3 | 3D-printed reactor design of the batch reactor. The 2-compartment cell 

contains an electrochemical compartment filled with 8 mL of 1 M H2SO4 and a hydrogenation 

compartment filled with 0.25 M AQ in 8 mL of a mixture of xylenes:DIBC 1:1 v/v. The electrochemical 

compartment contains a platinum anode, a Ag/AgCl reference electrode, and the palladium membrane. 

Catalyst (electrodeposited Pd) is coated on the side of the membrane exposed to the hydrogenation 

compartment. 
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Supplementary Fig. 4 | Schematic representation of the batch-type reactor. The batch-type reactor 

consists of an electrochemical compartment (blue) and a hydrogenation compartment (orange) that 

sandwich the Pd membrane. The electrochemical compartment contains 8 mL of 1 M H2SO4 and is fitted 

with a Pt counter electrode and an Ag/AgCl reference electrode. The hydrogenation compartment contains 

8 mL of the hydrogenation solution [250 mM 2-tert-butyl anthraquinone (AQ) in a mixture of 

xylenes:DIBC 1:1 (v/v)]. N2(g) is supplied to the hydrogenation compartment at 10 mL min–1. The batch-

type reactor was heated at the desired temperature by means of a sand bath. The temperature was measured 

in the electrochemical compartment.  
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Supplementary Fig. 5 | External flow reactor setup showing electrode leads connected to a potentiostat, 

the flow reactor consisting of the hydrogenation chamber and the electrochemical chamber, the 

hydrogenation reservoir, the heated sand bath, the N2(g) inlet, and the peristaltic pump.  
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Supplementary Fig. 6 | 3D-printed reactor design of the flow reactor. The 2-compartment cell 

contains an electrochemical compartment filled with 8 mL of 1 M H2SO4 and a hydrogenation 

compartment that has a flow field plate where the hydrogenation solution is passed. The electrochemical 

compartment contains a platinum anode, a Ag/AgCl reference electrode, and the palladium membrane. 

Catalyst (electrodeposited Pd) is coated on the side of the membrane exposed to the hydrogenation 

compartment. 
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Supplementary Fig. 7 | In-situ atmospheric mass spectrometry in a batch cell at 50 °C and 75 mA 

cm–2. In orange is the H2 evolving in the electrochemical compartment. In blue is the H2 evolving in the 

hydrogenation compartment when no hydrogenation substrate is present. This graph shows 43% of the 

hydrogen produced goes through the dense Pd membrane. At 4.6 hours, the hydrogenation compartment 

is spiked with tert-butyl anthraquinone to reach 0.25 M. The sharp decrease in hydrogen evolution is 

caused by the consumption of hydrogen in the hydrogenation reaction of anthraquinone. The calculated 

current efficiency for anthraquinone hydrogenation from this atmospheric mass spectrometry data is 30%.  
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Supplementary Fig. 8 | In-situ atmospheric mass spectrometry in a flow cell at 50 °C and 75 mA 

cm–2. In orange is the H2 evolving in the electrochemical compartment. In blue is the H2 evolving in the 

hydrogenation compartment when no hydrogenation substrate is present. This graph shows 99% of the 

hydrogen produced goes through the dense Pd membrane. At 2.75 hours, the hydrogenation compartment 

is spiked with tert-butyl anthraquinone to reach 0.25 M. The sharp decrease in hydrogen evolution is 

caused by the consumption of hydrogen in the hydrogenation reaction of anthraquinone. The calculated 

current efficiency for anthraquinone hydrogenation from this atmospheric mass spectrometry data is 64%. 
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Supplementary Fig. 9 | Schematic representation of the flow reactor and setup. The flow reactor 

consists of an electrochemical compartment (blue) and a hydrogenation compartment (orange) that 

sandwich the Pd membrane. The electrochemical compartment contains 8 mL of 1 M H2SO4 and is fitted 

with a Pt counter electrode and an Ag/AgCl reference electrode. The hydrogenation compartment is 

continuously fed with 15 mL of the hydrogenation solution [250 mM 2-tert-butyl anthraquinone (AQ) in 

a mixture of xylenes and DIBC] by means of a peristaltic pump at 60 mL min–1. The headspace of the 

hydrogenation reservoir is continuously fed with N2(g) at 10 mL min–1. The flow reactor and the 

hydrogenation reservoir were heated at the desired temperature by means of a sand bath. The temperature 

was measured in the electrochemical compartment.  
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Supplementary Fig. 10 | Conversion of AQ versus time of reaction as quantified by iodometric 

titrations during electrolysis at 30 mA cm–2 in the batch-type reactor. 
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Supplementary Fig. 11 | Graph of ion current (left y-axis, blue) versus time and applied current density 

(right y-axis, orange) versus time. The ionic current is proportional to H2 permeation through the Pd foil 

membrane as measured by atmospheric–mass spectrometry. 
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Supplementary Fig. 12 | External flow reactor and oxidation reactor setup showing the flow 

hydrogenation reactor, the oxidation reactor, the hydrogenation reservoir, the electrode leads connected 

to a potentiostat, the heated sand bath, the peristaltic pump, and the input of air to the oxidation reactor. 
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Supplementary Fig. 13 | Schematic representation of the setup for H2O2 production. The flow cell is 

operated as described above but with a hydrogenation solution of 100 mL total that is fed to the flow 

reactor from a hydrogenation solution reservoir. The hydrogenation solution exiting the flow reactor is 

then fed to an oxidation reactor containing 500 mL of H2O containing 1 mM EDTA and 3 mM citric acid 

stabilizers (in blue; denser than the organic solution containing the anthraquinone represented here in 

orange) and continuously fed with air at 90 mL min–1. There, 2-tert-butyl anthrahydroquinone (AQ-H2) 

reacts with O2 to form H2O2, and 2-tert-butyl anthraquinone (AQ) before H2O2 transfers into the aqueous 

solution. The organic hydrogenation solution is subsequently gravity fed back to the hydrogenation 

reservoir for heating. Both the hydrogenation reservoir and the flow reactor are heated at 60 °C in a sand 

bath. The temperature was measured in the electrochemical compartment. 
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Supplementary Fig. 14 | Picture of a Pd foil with electrodeposited Pd catalyst. 
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Supplementary Fig. 15 | Cyclic voltammograms (CVs) used to determine the ECSA. See the 

corresponding experimental section above for the procedure. Cyclic voltammograms were performed at 

20, 30, 40, and 50 mA s–1, over 3 cycles, and about ±50 mV from the open circuit potential (OCP, 

identified in blue). Here only the third cycle is represented. 
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Supplementary Fig. 16 | Plot of the difference between anodic current (ia) and cathodic current (ic) at the 

OCP as determined by CVs versus scan rate of the respective CV. The data were fitted with a regression 

line (in red) to obtain the capacitance of the foil (i.e., the slope; 0.00943 F). 
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Supplementary Fig. 17 | Pictures of the various stages of iodometric titrations including just before the 

iodometric titration (left), just before the endpoint (center), and at the endpoint (right). 
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Supplementary Note 1 | Product identification 

Although we observed 100% conversion of AQ by iodometric titration, AQ can be hydrogenated 

to undesired products that are not active for H2O2 production but could be accounted for by titration (e.g., 

anthrones; see Supplementary Scheme 1). We, therefore, performed GC–MS analyses of the hydrogenated 

solutions to investigate the distribution of products. The GC–MS spectrum on Supplementary Fig. 15 only 

presents one peak at a retention time of 11.2 min which corresponds to AQ. AQ-H2 and H4AQ-H2 

spontaneously react with atmospheric oxygen to form H2O2 or release H2 at high temperatures >200 °C 

which give back AQ and H4AQ, respectively. Anthrones (AO and H4AO), however, are stable in air and 

at elevated temperatures. We did not observe such peaks corresponding to anthrones in our GC–MS 

analysis. Collectively, these results point to the selective generation of AQ-H2, which is unstable under 

GC–MS conditions. Indeed, it was previously reported that anthrahydroquinones could not be detected 

by GC–MS 1. 
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Supplementary Scheme 1 | The different possible reaction pathways of AQ hydrogenation. 2-tert-butyl 

anthrone (AO) and 6-tert-butyl-1,2,3,4-tetrahydro-anthrone (H4AO) are irreversibly formed and cannot 

be used in H2O2 production. 6-tert-butyl-1,2,3,4-tetrahydro-anthraquinone (H4AQ) is also active for H2O2 

production with its hydrogenated form, 6-tert-butyl-1,2,3,4-tetrahydro-anthrahydroquinone (H4AQ-H2) 1–

3. Only the peak for AQ was observed in GC–MS analyses. 
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Supplementary Fig. 18 | Gas chromatograph of the GC–MS experiment displaying the intensity of the 

signal versus residence time. Two traces are displayed: (1) before the hydrogenation experiment (t = 0, 

bottom); and (ii) after 3 h of hydrogenation at 100 mA cm–2 (top). The peak for AQ is identified in blue 

at a residence time of 11.2 min. 
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