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Experimental

Chemicals

All chemicals were used as received.  1,5-dihydroxynaphthalene was purchased from Beijing Innochem Science & 
Technology. Formaldehyde was purchased from Liaoning Quan Rui Reagent Co. Ltd. Tiron and dimethylamine (40 %) 
solution was purchased from Shanghai Titan Technology Co., Ltd.(Adamas-beta®). 

Synthesis of TAND

Naphthalene was functionalized with alkylamine groups using Mannich reaction to increase its solubility. 1.6 g 1,5-
dihydroxynaphthalene, 50 ml ethanol, 6.25 ml formaldehyde, and 10 ml dimethylamine solution were mixed all together and 
stirred in a pressure vessel at 80°C for 10 hours. Then the mixture was vacuum-dried at 70°C. The fully dried product was 
dissolved either in 1 M H2SO4 to prepare 0.1 M TAND or in 3 M H2SO4 to prepare 0.5 M/1M TAND. For higher 
concentrations, 0.5 M / 1.0 M TAND and 0.5 M Tiron were dissolved in 3 M H2SO4.

Electrochemical methods

Cyclic voltammetry was measured using a three-electrode cell and a Bio-logic VSP 300 potentiostat. A graphite plate with an 
area 1 cm2 was used as the working electrode, another graphite plate with an area 4 cm2 as the counter electrode, and a 
Hg/Hg2SO4 electrode (Tianjin Aida, +0.652 V vs. SHE) as the reference electrode.

Linear sweep voltammograms of the electrolysis cell were acquired using Arbin instrument. Current ramp of 0.005 A s-1 was 
applied until the cell voltage reached either current density 100 mA cm-2 or cell voltage 1.4 V. Electrolysis experiments were 
also conducted using Arbin instrument.

Preparation of membrane electrode assembly (MEA) and electrolysis cell

Membrane electrode assembly (MEA) was prepared as follows: 10 mg of 28 wt.% Pt/C was mixed with 0.5 ml ethanol, 0.5 
ml DI water, and 40 μl of 5% Nafion solution. After 1 hour of ultrasonication, the mixture was sprayed on 9 cm2 of Nafion® 
212 membrane on a 60°C hot plate to guarantee a minimum Pt surface density of 0.16 mg cm-2. 0.2 mm gas diffusion layer 
(Toray, TGP-H-060) was placed on the catalyst layer, and the whole assembly was hot-pressed altogether with sealing frames 
at 100°C as in Fig S2. 

The electrolysis cell was assembled where MEA was sandwiched between anode and cathode. In the anode, a 4 cm2 (2 x 2 cm, 
thickness 5 mm) carbon felt was placed. In the cathode, a gas diffusion layer and a gas flow channel were assembled as cells 
to facilitate hydrogen gas transport. Two graphite bipolar plates and stainless-steel end plates were pressed from both sides for 
assembly.

Paired electrolysis and hydrogen collection

0.1 M TAND and 0.1 M Tiron were prepared 10 ml each. The cell was charged with a constant current of 10 mA cm-2. After 
the cell voltage reached a cut-off voltage of 1.2 V, the cell was continuously charged at a constant voltage of 1.2 V until the 
current density was diminished to 1.25 mA/cm2. The electrolyte was pumped using a peristaltic pump (YZ1515x, Chonry 
Peristaltic pump Co., Ltd) at the flow rate 60 ml min-1. The hydrogen gas was collected using an inverted cylinder glass. 

Flow battery cycling

The flow battery cell (active area 3 x 3 cm-2) was assembled using carbon felt at both anode and cathode. Two graphite bipolar 
plates and stainless-steel end plates were pressed from both sides for assembly. 10 ml sample in 3 M H2SO4 from the above 
electrolysis was transferred to the anode. 10 ml of 0.5 M V2+ in 3 M H2SO4 was prepared as the cathode. The cell was cycled 
with a constant current of 40 mA cm-2 between 1.4 V and 0.1 V for 1000 cycles. During the cycling, 3 M H2SO4 was 
periodically added to the anode to balance the water crossover, while V2+ was periodically added to the cathode to prevent 
complete oxidation.

Material analysis

The product gas was analyzed using gas chromatography (GC-2014, Shimadzu). The electrolysis cell outlet was directly 
connected to GC to measure the gas product online. Current 10 mA cm-2 and 40 mA cm-2 were used for electrolysis. 10 ml 
min-1 Ar gas was used as carrier gas. Gas measurement started 10 minutes after starting the electrolysis. 

NMR samples were analyzed using AVANCE III 400 MHz (Bruker). 1 ml TAND electrolyte was extracted before and during 
the electrolysis at cell voltages 0.8, 0.9, 1.0, 1.1, 1.2 V and at fully oxidized state. In the case of Tiron, samples were taken at 
the state of charge (SOC) 0, 24, 48, 72, 96, and 100%. For TAND, samples were taken when cell voltage reached 0.8, 0.9, 1.0. 
1.1, 1.2 V, and before and after the electrolysis. All samples were mixed with D2O at a volumetric ratio of 8:2.

Mass spectra were measured using liquid chromatography (Q-TOF 6540(Agilent) or Ultimate 3000 UHPLC - Q Exactive 
(Thermo Scientific)), where the samples were diluted 10 times using water before the measurements.



Supplement Figures

(a) (b) (c)

Figure S1. Concepts of divided cells for hybrid electrolysis (a) H-shaped batch type, (b) symmetric 
flow type (c) asymmetric flow type (This work)



Figure S2 Schematic of the membrane electrode assembly (MEA) (left) and the photograph of the 
final product (right)



a) b) 

Figure S3 a) Cyclic voltammogram of 0.1 M Tiron before and after electrooxidation and b) 
polarization curve of the electrolysis cell with anode filled with 0.1 M Tiron



a) b)

Before oxidation

 

After oxidation

c)

Figure S4 In-situ electrooxidation of Tiron, a) 1H NMR spectra at different SOCs, b) LC-MS mass 
spectra before and after electrolysis, c) Proposed route of Tiron oxidation1



Figure S5 GC measurement of the product gas during Tiron and TAND electrolysis



a) b)

Figure S6 Voltage profile of long-term electrolysis using 10 ml of 0.1 M Tiron at 40 mA cm-2



a) b) 

Figure S7 3-minute-steps LSV curves at concentration a) 0.1 M and b) 0.5 M



a) b)

 
Figure S8 Cyclic voltammogram of (a) Tiron-o1 and (b) TANQ after electrolysis at different 

temperatures

Figure S9 a) 3-minute-steps LSV curve during hybrid electrolysis using 0.1 M Tiron, 100 ml, b) 
corresponding hydrogen production rates



Figure S10 Paired electrolysis in different current densities and concentrations

Voltage profile during electrolysis at different current densities using (a) 0.1 M TAND, (b) 0.1 M Tiron, 
and (c) 0.5 M TAND, (d) 0.5 M Tiron, both at current 10 mA cm-2. All samples were 10 ml volume.



Figure S11 Paired electrolysis in different sulfuric acid concentrations at current 40 mA cm-2

Figure S12 Voltage profile of long-term electrolysis using 2 L of 0.1 M TAND at 40 mA cm-2



Table S1 LC-MS Mass spectra of Tiron samples and estimated molecule structures

Total ion chromatogram (Spectra extracted at blue and red dots)

Before oxidation After oxidation
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Table S2 LC-MS Mass spectra of TAND samples and estimated molecule structures

Total ion chromatogram (Spectra extracted at blue and red dots)

Before oxidation After oxidation

m/z Estimated structure m/z Estimated structure
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