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Decoupled water electrolysis at high current densities using a solution-phase redox mediator
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Experimental
Electrochemical cell design and construction
A schematic of the flow system used in this work is shown in Fig. 1. The geometric area of the electrodes in both the oxygen and hydrogen-producing cells was 13.7 cm2 (3.7 × 3.7 cm). Silicotungstic acid (H4SiW12O40), purchased from Merck, was used as the redox mediator at a concentration of 0.5 M in ultrapure grade water (15.2 MΩ-cm resistivity). 

[image: ]
Fig. 1. A schematic of the flow cell system designed, constructed, and used in this study.

An exploded view of the oxygen-generating cell used in this study can be found in the Supporting Information (Fig. S1). The anode of this cell consisted of a 3 mm-thick titanium serpentine flow field (with flow channels 1 mm deep and 1 mm wide cut into it) and a titanium fiber felt (thickness: 0.3 mm) coated with Ti nanoparticles and loaded with 2.0 mg IrO2 catalyst (supplied by Fuelcellstore) as the active electrode (see below for details of the electrode preparation). These elements were sealed using a 0.127 mm-thick Teflon gasket (supplied by Fuelcellstore). The cathode side also consisted of a titanium serpentine flow field (identical to that used at the anode), and carbon cloth with a microporous layer as the active electrode (Fuelcellstore). No catalyst was added to the cathode side. These elements were sealed using a 0.127 mm-thick Teflon gasket supplied by Fuelcellstore. The anode and cathode were separated by a Nafion 117 membrane supplied by Ion Power. The anode and cathode were compressed against the membrane through 10 mm-thick polytetrafluoroethylene (PTFE) insulating plates and 10 mm-thick titanium end plates, and the bolts fastening the cells were tightened to a torque of 5 Nm. Prior to cell assembly, the serpentine flow plates were immersed in phosphoric acid (85%, Thermo Scientific) for 2 hours, followed by scrubbing with a sponge and rinsing with deionized water in order to ensure that they were completely clean. 

An exploded view of the hydrogen-generating cell used in this study can be found in the Supporting Information (Fig. S2). The construction of this cell was similar to that of the oxygen-generating cell. Hence, the anode of this hydrogen-generating cell consisted of a 3 mm-thick titanium serpentine flow plate (identical to those used in the oxygen-generating cell), in combination with a Ti fiber felt (thickness: 3 mm) as the electrode. No catalyst was applied to this Ti fiber felt. The cathode side of this cell consisted of a 3 mm-thick titanium serpentine flow plate in combination with a carbon cloth coated with 0.5 mg/cm2 of Pt/C (Fuelcellstore) as the cathode catalyst and transport layer. These elements were sealed using 0.127 mm-thick Teflon gaskets supplied by Fuelcellstore as shown in Fig. S2. The anode and cathode were separated by a Nafion 117 membrane supplied by Ion Power. The anode and cathode were compressed against the membrane through 10 mm-thick PTFE insulating plates and 10 mm-thick titanium end plates, and the bolts fastening the cells were tightened to a torque of 5 Nm.

Electrode preparation
The Ti fiber felt was modified using 5 μm Ti particles (Alfa Aesar) by weighing out 2.5 g of the Ti particles (≈ 52 mmol) under an inert nitrogen atmosphere into a suitably sized vial in a glovebox (to prevent combustion in air). The vial was sealed with a septum and removed from the glovebox. 2.5 mL of Nafion solution (5wt % in lower aliphatic alcohols and water, containing 15-20% water, Sigma Aldrich CAS:31175-20-9) was added to the vial containing the Ti particles using a syringe. The septum was then removed and 10 mL isopropanol was pipetted into the suspension. The vial containing the suspension was then placed into an ultrasonication bath (Fisher Scientific FB 15050) at 37 kHz for 15 minutes, after which another 10 mL of ethylene glycol (Alfa Aesar, 99%). was added to the solution, and then ultrasonication was continued for a further hour. After this time, the vial containing the suspension was moved to a refrigerator at 4 °C and allowed to cool to 4 °C. Once at 4 °C, spraying was undertaken. To this end, the gas diffusion layer (13.7 cm2 Ti fiber felt) was sprayed using an AB-182 (Everything Airbrush) double action suction airbrush (0.5 mm), with a 22 mL detachable glass jar bottle attached to the air compressor (Royal max TC-80T single-piston compressor). The spraying support was made of a 5 mm foamboard (see Fig. S3 in the Supporting Information). The gas diffusion layer was tightly fitted into the supporting foamboard and held perpendicular to the spraying platform in the fume hood at a comfortable height. Immediately before spraying, the already prepared and chilled ink was removed from the refrigerator and ultrasonicated at 37 kHz for 30 minutes on ice, shaken very well, and then returned to the fridge for another 10 – 15 minutes. The ink was then loaded into the airbrush and one side of the Ti fiber felt was then sprayed inside the fume hood (at a working distance of between 10 and 15 cm), ensuring that the gas diffusion layer was coated evenly by spraying, starting from the perimeter and moving towards the center at a pressure of 1.5 bar. After spraying, the Ti fiber felt was removed from the support and put in an oven in air at 100 °C for 5 minutes. After this time, the felt was weighed, and further rounds of spraying were undertaken as necessary until the desired loading mass was obtained. 

Electrochemical experiments
Cyclic Voltammetry
For the cyclic voltammetry tests, a conventional three-electrode system was used, consisting of a glassy carbon button working electrode (area = 0.071 cm2), a platinum wire as the counter electrode, and a Ag/AgCl (3 M NaCl) reference electrode. The electrolyte was 0.5 M H4SiW12O40 in ultrapure water. A single chamber cell was used. The cyclic voltammetry measurements were carried out using a Gamry potentiostat version 7.4.8 at a scan rate of 10 mV/s. The potentials reported in this work were converted to the normal hydrogen electrode (NHE) scale using the following equation:  ENHE = EAg/AgCl + E0Ag/AgCl + 0.059 pH where EAg/AgCl is the observed potential during the experiments using a Ag/AgCl (3 M NaCl) reference electrode and E0Ag/AgCl is the potential of Ag/AgCl (0.1976 V) versus the normal hydrogen electrode.

Controlled current electrolysis
Controlled current electrolysis was performed using a BioLogic SP-150 potentiostat coupled to a BioLogic VMP-3B 20A/20V booster. Before each experiment, the mediator solution was bubbled with argon for 45 min, to remove any oxygen from the system. The Biologic SP-150 was used to apply a fixed current to the cell making oxygen. The second cell responsible for making hydrogen was driven by an Admiral SquidstatPlus potentiostat to supply the current. The same current was applied across both cells during the working period in order to maintain the system in steady state. 

Gas chromatography
To determine the composition of gases in the anolyte and catholyte loops, 250 μL samples of gas were collected from the headspace of the anolyte and catholyte reservoirs at regular intervals. Before the gas collection from the headspaces, the cell producing hydrogen was purged with argon for 30 minutes at a flow rate of 250 mL min−1. The collected gas samples were then analyzed using a gas chromatography system (Agilent 8860) outfitted with a thermal conductivity detector. This system was configured with two porapak Q columns and a molesieve 13X column.  The initial oven temperature during analysis was set to 50 °C, which was held for 4 minutes, followed by a temperature ramp of 10 °C per minute until reaching 120 °C. The total analysis time was 11 minutes. Before analysis, the GC system was calibrated using certified hydrogen gas standards (5%, 3%, 2%, and 1% H2 in Ar) supplied by CK Gas Products Limited (UK). Linear fits were then produced, allowing the conversion of peak areas into volume % of H2 in the measured gas. From this, the number of moles of hydrogen produced in a given experiment was then calculated by taking into consideration that the volume of 1 mole of an ideal gas at room temperature and pressure is 24 L. This in turn allowed the decoupling efficiency of the mediator reduction step to be calculated by the equation:




Where “theoretical moles of H2” corresponds to the amount of hydrogen that one would normally expect to observe in a conventional (“coupled”) electrolyzer, based on the total charge passed. 

Physicochemical characterization
X-ray photoelectron spectroscopy was collected using a Kratos Axis Supra+ instrument coupled with monochromated Kα lines of Al (1486.6 eV, 30 mA) as an X-ray source. Data analysis was performed by ESCApe software, employing Gaussian-Lorentzian fitting for each component peak. Scanning electron microscopy (SEM) and X-ray diffractometry (XRD) were performed to observe the surface morphology of the prepared IrO2/Ti electrodes as well as to observe the crystallinity of the IrO2 layer. The prepared IrO2 electrodes were characterized using a Rigaku Mini Flex instrument employing Cu Kα radiation. The scanning diffraction angle 2θ ranged from 10 - 90° at a speed of 5 minutes per data point and a scanning rate of 1° min−1. SEM (Tescan Clara) equipped with EDX (Oxford Instruments Ultim Max) analysis was employed for probing surface morphology as well as phase composition to confirm the loading mass on the electrode surface. The possible presence of metallic residuals in both the anolyte and catholyte streams following controlled current electrolysis was probed by sampling the electrolyte reservoirs, and then analyzing these samples using inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5900). The residuals were diluted in 2% HNO3 before analysis.
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Fig. S1. An exploded view of the components used to assemble the oxygen-producing flow electrochemical cell used in this study. Components are as listed below (these are described in the main text):

Anode-side components
      (A) Nafion 117 membrane                                                                     
      (B) Teflon gasket                                                    
      (C) Ti fiber felt coated with Ti nanoparticles and IrO2 (gas diffusion layer)                                                                                         
      (D) Ti serpentine flow plate                                                              
      (E) Polytetrafluoroethylene (PTFE) insulating gasket                                                                
      (F) PTFE insulating plate                        
      (G) Titanium end plate

Cathode-side components
(A) Teflon gasket
(B) Cabon cloth with a microporous layer
(C) Ti serpentine flow plate
(D) Polytetrafluoroethylene (PTFE) insulating gasket
(E) PTFE insulating plate
(F) Titanium end plate
[image: A diagram of a mechanical device

Description automatically generated with medium confidence]
Fig. S2. An exploded view of the components used to assemble the hydrogen-producing flow electrochemical cell used in this study. Components are as listed below (these are described in the main text):

Anode-side components
      (A) Nafion 117 membrane                                                                     
      (B) Teflon gasket                                                    
      (C) Ti fiber felt (no catalyst added)                                                                                        
      (D) Ti serpentine flow plate                                                              
      (E) Polytetrafluoroethylene (PTFE) insulating gasket                                                                
      (F) PTFE insulating plate                        
      (G) Titanium end plate

Cathode-side components
(A) Teflon gasket
(B) Vulcan carbon cloth with 0.5 mg Pt/C
(C) Ti serpentine flow plate
(D) Polytetrafluoroethylene (PTFE) insulating gasket
(E) PTFE insulating plate
(F) Titanium end plate
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Fig. S3. Foamboard structure used to support the Ti felt electrode during the air-spraying of the IrO2 catalyst onto the Ti felt, as described in the main text.
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Fig. S4. Restricted potential window cyclic voltammogram of silicotungstic acid (0.5 M, pH 0.5, red line) and an expanded curve over a wider potential range under the same conditions (black line) in a conventional three-electrode system at a scan rate of 10 mV/s on a glassy carbon working electrode (0.071 cm2), at room temperature (~25 ºC). 




Gas chromatography
These chromatograms show the H2 peak observed at each retention time, along with a small peak for O2 (from the air) in the catholyte stream (Fig. S5b) and negligible hydrogen in the anolyte stream (Fig. S5a) for most current densities, suggesting excellent decoupling of the hydrogen evolution reaction from the oxygen evolution reaction in the oxygen-generating cell.
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Fig. S5. GC measurements for % of hydrogen present in the anolyte (a) and catholyte stream (b) at different current densities in a flow cell containing 0.5 M silicotungstic acid at 40 °C and a catholyte flow rate of 250 mL min−1. Hydrogen has a retention time of 1.8 minutes, oxygen 7.9 minutes, and nitrogen 8.7 minutes. The nitrogen and some of the oxygen originate from air leaks within the GC apparatus; in panel b, almost all the oxygen present originates from the air.
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Fig S6.  Deconvoluted Ti 2p (a) and  O 1s (b) for a fresh (undecorated) Ti felt.
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Fig. S7. Deconvoluted XPS spectra for an IrO2-coated Ti felt electrode as follows: (a) Ti 2p before electrolysis, (b) Ti 2p after electrolysis, (c) O 1s before electrolysis, (d) O 1s after electrolysis, (e) Ir 4f before electrolysis, (f) Ir 4f after electrolysis. Electrolysis was performed in a flow cell containing 0.5 M silicotungstic acid at 40 °C and a catholyte flow rate of 250 mL min−1.
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Fig. S8. SEM/EDX images of (A) a IrO2/Ti electrode prepared by air spraying before electrolysis and (B) after electrolysis in a flow cell containing 0.5 M silicotungstic acid at 40 °C and a catholyte flow rate of 250 mL min−1.
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