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ABSTRACT 

Aqueous electrochemical oxidation of hydrocarbons into valuable compounds, such as 

alcohols and carbonyl compounds, has attracted much attention because these systems can 

operate under mild conditions without toxic oxidants or flammable solvents. The key 

requirements to achieve such oxidation reactions are (1) highly reactive species on an 

electrocatalyst for the activation of C-H bonds and (2) efficient transportation pathway for 

water-insoluble hydrocarbons to an electrodes surface. We have determined that a gas diffusion 

electrode (GDE) supporting Ru atom-modified covalent triazine frameworks (Ru-CTF) has 

activity for the electrooxidation of gaseous ethylbenzene to acetophenone using an aqueous 

electrolyte. A high-valency Ru=O species was formed in Ru-CTF as an effective active site for 

O-atom insertion into stable C-H bonds. Furthermore, Ru-CTF showed excellent stability 

during four consecutive cycles with replacement of the electrolyte every 12 h although the 

reactive Ru=O species is generated. As for the transportation pathway for substrates, the 

amount of acetophenone generated from gaseous ethylbenzene was much larger than that from 

ethylbenzene dissolved in an electrolyte. This result indicates that the three-dimensional 

microstructures in the GDE maximize the transportation of gaseous hydrocarbons and the 

oxidation reaction occurs at the triple phase boundary, which enables the use of aqueous 

electrolytes.  
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1. INTRODUCTION 

Selective and efficient technologies to convert abundant organic substrates into 

valuable products by the oxidative functionalization of CH bonds in hydrocarbons are highly 

demanded for a sustainable society.1-2 Various methodologies for oxidative upgrading of 

hydrocarbons have been widely investigated to date, such as thermal, biological, and 

photochemical conversion.1-4 Among these, the electrochemical oxidation of substrates in 

aqueous solutions is a promising approach because the reaction can proceed under mild 

conditions without toxic oxidants or flammable solvents.5-6 However, there are two major 

problems for the further dissemination of electrochemical hydrocarbon oxidation in aqueous 

solution. 

Green and cost-effective aqueous electrochemistry is ideal as a sustainable technology; 

however, the first problem is that many raw organic substances are poorly soluble in aqueous 

media.7 Therefore, the electrochemical oxidation of hydrocarbons such as alkanes, alkenes and 

arenes is generally conducted in organic electrolytes,8-10 where oxygen functionalized organics 

(e.g., alcohol, aldehyde and carboxylic acid) are employed as substrates for electrochemical 

reactions in aqueous solutions. Here we focus on gas diffusion electrodes (GDEs) that have 

been originally developed for hydrogen/oxygen fuel cells in an attempt to overcome the low 

solubility of hydrocarbons.11-12 Gaseous substrates can be directly supplied to the triple phase 

boundary at the GDE, where the catalyst material, electrolyte, and gas pores intersect. Thus, 

GDEs have recently been applied not only to fuel cells but to the electrochemical conversion 

of gaseous substrates for the production of valuable products, such as the CO2 reduction 

reaction.13-14 We consider that GDEs could be applicable even to electrochemical oxidation 

reactions of vaporized hydrocarbons using aqueous electrolytes. 

The other major challenging issue is that electrocatalysts with highly reactive species 

as active centers are required for the activation of stable C−H bonds in hydrocarbons. High-
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valency ruthenium-oxo species (RuIV=O or RuV=O) formed by the water oxidation reaction are 

candidates to satisfy this requirement.9-10, 15-16 Ru=O species formed on Ru-organometallics are 

reported to catalyze O-insertion into stable C-H bonds of hydrocarbons. 9-10 However, such Ru-

based molecular electrocatalysts generally exhibit poor robustness and also catalyze the oxygen 

evolution reaction (OER) from the water oxidation reaction, which competes with hydrocarbon 

oxidation in aqueous solutions.17-18 Our group has recently demonstrated that metal-doped 

covalent triazine frameworks (CTF), which consist of microporous conjugated polymers with 

1,3,5-triazine linker units,19-28 can serve as metal supports for heterogeneous electrocatalysts.29-

37 Various electrocatalytic functions, such as oxygen reduction32-33 and carbon dioxide 

reduction34, can be achieved simply by changing the metal species in the CTF, and these metal-

doped CTFs are stable over a wide pH and under electrochemical conditions, compared with 

the corresponding organic complexes. 31-32 In particular, we have reported that Ru-doped CTFs 

(Ru-CTF) effectively oxidize benzyl alcohol in aqueous electrolytes without the OER. 31 

Although only alcohols have been reported as substrates with Ru-CTF, Ru=O on Ru-CTF is 

also expected to have the ability to oxidize more stable CH bonds than those in alcohol, such 

as the methyl- and ethyl-groups of hydrocarbons, in a similar manner to that for Ru-based 

organometallics. Here, we attempt to realize electrochemical hydrocarbon oxidation reactions 

in aqueous solutions using a GDE that supports Ru-CTFs (Ru-CTF/GDE). The partial 

oxidation of ethylbenzene (EB) to acetophenone was adopted as a model reaction. 

Acetophenone is the raw chemical for perfumes, pharmaceuticals, resins, and alcohol and 

currently produced by the oxidation of EB using cobalt acetate as a homogeneous catalyst in 

acetic acid under high-pressure oxygen conditions.38-39 Therefore, aqueous electrochemical 

oxidation of EB to acetophenone is attractive because they can operate under milder conditions 

than the existing industrial method. 
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2. EXPERIMENTAL SECTION 

The preparation of CTF has been detailed in our previous reports. 29-34 Briefly, a mixture 

of ZnCl2 (1.0 g, Wako), 2,6-dicyanopyridine (100 mg, Sigma-Aldrich), and Ketjenblack 

EC600JD (KB, 100 mg, Lion Corp.) was filled into a vacuum glass tube and then heated at 

400 °C for 40 hours. KB is important to add electrical conductivity. As reported in our previous 

paper, the electrical conductivity of CTF without KB was a few orders lower than that with 

KB.33 Besides, the particle size of CTF without KB became too large (1–5 μm). As a result, the 

CTF without KB showed almost no electrocatalytic activity. Notably, we confirmed that the 

hybridization with KB did not influence on the electronic properties of nitrogen and metal 

atoms in M-CTFs.33 The resulting CTF powder was washed with distilled water, 

tetrahydrofuran (Wako) and 1 M hydrochloric acid (Wako). Ru atoms were then impregnated 

into the CTF using 0.91 mM RuCl3 ethanol solution for 6 h at 100 °C. The resultant Ru-CTF 

catalyst was washed with distilled water and dried. 

All electrochemical experiments were conducted with an electrochemical station at 298 

K (HZ-7000, Hokuto Denko). Triple-chamber electrochemical cells, where two electrolyte 

chambers are divided by a Nafion 117 membrane, were used (Figure S1). A Ag/AgCl (KCl 

sat.) and titanium wire were used as the reference and counter electrodes, respectively. All 

potentials were converted to a reversible hydrogen electrode (RHE). Hydrocarbon oxidation 

activities were investigated in a 0.1 M phosphate buffer solution (pH 7). 18O-labeled water 

(H2
18O; Taiyo Nissan Corp.) was used for the quantitative analysis of OER. A catalyst ink was 

prepared by dispersing 4.0 mg Ru-CTF in 38 μL Nafion solution (5 wt%; SigmaAldrich) and 

400 μL ethanol by using a homogenizer, which was then added dropwise onto the GDE 

(GDL38BC, Sigracet, catalyst area: ca. 1 cm-2) on a hot plate at 70 °C. The weight of the loaded 

catalyst was controlled to be ca. 4.0 mg cm-2. Reaction products in the electrolytes were 

quantitatively analyzed using high-performance liquid chromatography (LC-UV; ELITE 
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LaChrom, L-2455, L-2130, Hitachi, Japan) in conjunction with an inert sustain C18 column 

(GL Science Inc.). The mobile phase was composed of 60% methanol (HPLC grade, Wako) 

and 40% deionized water, with a flow rate of 1 mL min-1. The standard HPLC charts and UV-

Vis recorded by HPLC for acetophenone and possible side products are shown in Figure S2.  

High-resolution transmission electron microscopy (TEM) and energy-dispersive X-ray 

(EDX) analysis were performed using a spherical aberration-corrected TEM system (ARM-

200F, JEOL). Ru-K edge X-ray absorption fine structure (XAFS) spectra were obtained using 

the BL01B1 beamline at SPring-8 at the Japan Synchrotron Radiation Research Institute 

(JASRI). Double-crystal Si (311) monochromator were employed to obtain XAS data. The 

measurements for as prepared Ru-CTF and the reference complex were performed in the 

transmission mode and for Ru-CTF on GDEs before and after electrolysis were performed in 

the fluorescence yield mode using 19 elements of Ge solid-state detectors. Extended X-ray 

absorption fine structure (EXAFS) spectra were analyzed using the ATHENA software 

package.40  Fourier-transformation (FT) of EXAFS spectrum were conducted over the k-space 

range of 3-16 Å for Ru-CTF powder and the reference samples. Peak fittings for EXAFS for 

Ru-CTF and the reference complex were conducted by ARTEMIS software package between 

the R range of 1–3 Å. FT EXAFS for Ru-CTF on GDEs were conducted over the k-space range 

of 3-10 Å due to the lower Ru content on electrodes in the similar way. Surface inspection was 

carried out with a field emission scanning electron microscope (FE-SEM; Hitachi, S-5000). X-

ray photoelectron spectra (XPS; Axis Ultra, Kratos Analytical Co.) were taken with 

monochromated Al Kα X-rays at hν = 1486.6 eV. The generated oxygen concentration was 

quantitatively measured with a gas chromatography mass spectrometer (GCMS-QP 2010 Plus, 

Shimadzu) with micropacked ST MP-01 column (Shincarbon-ST 80/100 mesh). The N2 

isotherm was obtained using a Micromeritics 3 Flex at 77 K. 
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3. RESULTS AND DISCUSSION  

Physical and electrochemical characterization of Ru-CTF powder. The CTF was 

synthesized via the polymerization of 2,6-dicyanopyridine in the presence of conductive carbon 

particles (CPs) to incorporate electron conductivity, and the resulting CTF was then 

impregnated with RuCl3 ethanol solution. Figure S3 shows the nitrogen adsorption–desorption 

isotherms and the pore size distribution. Our Ru-CTF possesses micro- and mesopores, and the 

estimated BET surface area was 888 m2/g. The more detailed characterization of the framework 

structure and microporosity of the CTF and CP hybrid material has been reported in our 

previous on platinum-doped CTF.30, 33 Here, the detailed structure related to Ru metal sites in 

Ru-CTF is characterized. N 1s X-ray photoelectron spectroscopy (XPS) spectra of CTF and 

Ru-CTF are shown in Figure S4 The N 1s peak of Ru-CTF could be deconvoluted into C2NH 

(398–400 eV) and C3N (400–401 eV) .31 The peak C2NH peak shifted to higher energy by Ru 

loading, which suggests that the electron density of the N atoms was decreased by the formation 

of Ru-N coordination bonds. The TEM image of Ru-CTF (Figure S5 showed that the particle 

size was about 30 nm. High-resolution TEM and corresponding high-angle annular dark-field 

scanning TEM (HAADF-STEM) indicated that the bright spots assignable to Ru atoms (<0.5 

nm) were uniformly dispersed and almost no Ru or RuOx aggregation was evident (Figure 1a). 

33, 41 FT-EXAFS spectra in the previous work revealed that the Ru atoms in Ru-CTF are 

individually isolated.31 Curve fitting of the FT-EXAFS spectra was conducted to further 

identify the coordination structure of Ru atoms in the Ru-CTF powders. The estimated 

coordination numbers (CN) and distances (R) between Ru atoms and their nearest neighbors in 

Ru-CTF and bis(2,2-bipyridine)dichlororuthenium(II) are listed in Table S1, and fitting curves 

for the FT-EXAFS spectra of these two molecules are shown in Figures 1b and S6, respectively. 

The first coordination sphere of as-prepared Ru-CTF consisted of three nitrogen and three 

chlorine atoms, as shown in Figure 1c. The EXAFS spectrum of Ru-CTF shows that the 
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coordination structure of Ru-CTF was different from that of RuCl3 and RuCl3・xH2O (for 

detail, see Figure S7), and we confirmed that only carbon particles without CTF could not 

immobilize Ru atoms. These results also suggested that Ru atoms were anchored by CTF via 

the N coordination. Notably, these chlorine atoms were replaced with hydroxyl ions during 

electrolysis(Figure S8), which is consistent with our previous work.31  

Cyclic voltammograms (CV) of Ru-CTF on glassy carbon electrode in phosphate buffer 

solutions were measured, as shown in Figure 1d. Two pairs of redox peaks were clearly 

observed, and the pair of peaks with a mid-point potential around 0.5 V and 1.2 V were 

assignable to RuII/RuIII and RuIII/RuIV=O or RuIII/RuV=O, respectively.16, 42-43 The high-valency 

Ru=O species formed at 1.2-1.3 V is known to serve as an active center for C-H oxidation 

reactions. 

Characterization of Ru-CTF/GDE and gaseous EB oxidation. Ru-CTF was deposited on a 

carbon paper with a microporous layer (MPL) composed of carbon nanoparticles and a 

hydrophobic layer to obtain Ru-CTF/GDE (Figure 2a). The Ru-CTF/GDE was characterized 

using XPS (Table S2, Figure S9). Elemental analyses using semi-quantitative XPS revealed 

that the concentration of Ru atoms in Ru-CTF/GDE was 0.43 at%. The narrow XPS spectrum 

(Figure S9) showed the Ru-3p3/2 peak at 464 eV, which indicates that RuIII was dominant in 

Ru-CTF/GDE,44 as supported by the XANES reported in our previous results for the powder 

form of Ru-CTF.31 Scanning electron microscopy (SEM) observations revealed that the 

thickness of the catalyst layer on the MPL of the GDE was ca. 40 µm (Figure 2b).  

The hydrocarbon oxidation activity of Ru-CTF/GDE was evaluated using EB as a model 

substrate. Figures 2c and S1 show a schematic illustration and photograph of the GDE setup, 

respectively. EB saturated (1.2103 Pa at 298 K)45 with argon gas was prepared by bubbling of 

the liquid EB, which was then supplied to the gas chamber as a substrate. We adopted the slow 

flow rate (1 mL min-1) to certainly obtain the saturated gas. The blue and black curves in Figure 
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3a show the current densities on Ru-CTF/GDE at 1.5 V vs. RHE over time, with and without 

gaseous EB, respectively. The anodic current on Ru-CTF/GDE with gaseous EB was larger 

than that in the absence of EB. The generation of acetophenone was observed in the electrolyte 

with the supply of gaseous EB (Figures 3b and S10). The total amounts of acetophenone 

generated are listed in Table 1. After electrolysis for 6 h, the amount of acetophenone generated 

reached 4.7 mol, whereas acetophenone generation without EB was negligible (<0.01 mol, 

see entry 2 in Table 1). These results clearly indicate that the acetophenone generated is the 

product of EB oxidation reactions. Additionally, after the electrolysis with gaseous EB, we 

confirmed that the EB concentration in the electrolyte was below the detection limit (<0.02 

mM). The potential dependence of acetophenone generation on Ru-CTF/GDE (Figure 4) 

indicated that the onset potential of acetophenone generation was ca. 1.2-1.3 V vs. RHE. In 

addition, we have confirmed that RuO2 supported by carbon nanoparticles (RuO2/C) exhibited 

almost no activity for acetophenone generation (for detail, see Figure S11 and its caption). This 

report is the first demonstration of EB oxidation in aqueous electrolytes. Table S3 summarises 

the comparison between this work and other studies on the electrochemical oxidation of EB in 

organic electrolytes. Notably, the supply rate of gaseous EB was much higher than its 

consumption (reaction) rate (for the detail calculation, see the Supporting Information), 

although further studies on the effects of flow rate dependence are required to improve the 

catalytic activity. 

For comparison, electrochemical measurements of Ru-CTF/GDE with 0.2 mM EB in the 

electrolyte instead of gaseous EB were also conducted using the same GDE electrochemical 

cell (Figure S1). We slowly added EB to the GDE cell and waited for the adsorption. After the 

EB concentration in electrolyte becomes stable (c.a.0.2 mM), the electrolysis started. In this 

case, the gas chamber was filled with pure argon gas. The current density on Ru-CTF/GDE at 

1.5 V vs. RHE with dissolved EB was similar or a little lower than that without EB (red curve 
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in Figure 3a). The amount of acetophenone generated from gaseous EB was much larger than 

that from the electrolyte (see Figure 3b and entries 1 and 3 in Table 1). Figure S12 shows the 

EB concentration during the electrolysis. Although the EB concentration of 0.2 mM is about 

one-seventh lower than the saturated concentration (solubility of EB in water: 1.4 mM)7, the 

acetophenone generation rate from the dissolved EB was over one-twentieth lower than that 

from the gaseous EB. This result demonstrates that a GDE is effective for the aqueous 

electrochemical oxidation of hydrophobic organic compounds. The reason for the comparable 

current density from dissolved EB to that in the absence of EB is also explained by the low 

solubility of EB (Figure 3a). Additionally, the small current originated from the oxidation of 

dissolved EB might be buried by the side reaction (see below section). 

Detailed discussion on gaseous EB oxidation by Ru-CTF/GDE. The EB oxidation 

activities of Ru-CTF and CTF were compared to identify the active center. The GDE electrode 

with the bare CTF exhibited only a small anodic current (Figure S13a) and did not generate 

any product (Figure S13b and entry 4 in Table 1). These results indicate that the Ru sites in 

Ru-CTF serve as active centers for EB oxidation to acetophenone. Figure S8 shows that the 

EXAFS peak corresponding to Ru-Cl had disappeared after the electrolysis, suggesting that the 

Cl ions on Ru atoms were substituted with water molecules during the electrolysis. This result 

is consistent with our previous paper.31 There are several reports that single Ru atoms 

coordinated with water molecules are oxidized to Ru(IV)=O or Ru(V)=O over 1.3 V.46-47 

Therefore, Ru=O was likely generated through oxidation of the coordinated water molecules 

even for Ru-CTF in a common manner to the case of Ru-based complexes. Furthermore, the 

onset potential of acetophenone generation (ca. 1.2-1.3 V) is similar to the potential at which 

Ru=O is formed (Figure 1d), 16, 42-43 which suggests that acetophenone generation from EB 

oxidation was mediated by Ru=O in Ru-CTF. We confirmed that the turnover number with 

respect to Ru atoms exceeded 20, which indicates that Ru-CTF/GDE functioned as a catalyst 
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for acetophenone generation (for the detail of the TON calculation, see the Supporting 

Information). We propose the reaction mechanism shown in Scheme S1. A high-valency Ru-

oxo (Ru=O) species, which is generated by two-electron water oxidation, is the active center 

for the oxidation of organic substrates. High-valent metal-oxo species are known to efficiently 

catalyze a net O-atom insertion into C-H bonds in hydrocarbons.10, 48-51 Thus, the Ru=O species 

with high oxidation power facilitates O-atom insertion into C-H of EB to form 1-phenylethanol. 

The adsorbed alcohol is then further oxidized to acetophenone via the 2-electron transfer step.10 

We would like to obtain the direct evidence of this reaction mechanism using in situ Raman or 

IR as a future study. 

The side reactions of acetophenone generation were investigated next. First, other products 

of EB oxidation were considered. HPLC-UV measurement showed no signal at 244 nm, which 

corresponds to aromatic compounds, except for the peak assignable to acetophenone, as shown 

in Figure S2 and S10. Besides, after the electrolysis using gaseous EB, we attempted to extract 

adsorbed products from the GDE and Nafion membrane using methanol, and we have 

confirmed that there was no adsorbed side product on them. Considering that the 

decomposition of aromatic rings does not readily proceed on Ru=O at 1.5 V,31 these results 

indicate that no other major products were generated from EB oxidation. The O2 evolution 

from water oxidation was also investigated during EB oxidation using isotope-labeled water. 

The O2 generation was below the detection limit of GC-MS. In addition, we have shown in our 

previous work that the OER activity of Ru-CTF was similar to that of a bare glassy carbon 

electrode.31 Thus, we conclude that the OER for Ru-CTF during EB oxidation was almost 

negligible. This is likely because, although the OER is facilitated on two contiguous Ru sites 

bridged by O (Ru–O–Ru) sites for ruthenium-based catalysts,17-18 the Ru atoms in Ru-CTF 

were mostly isolated. However, Ru-CTF/GDE without EB exhibited a larger anodic current 

than that for bare CTF/GDE (Figure S13a). The faradaic efficiencies (FEs) for acetopheneone 
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at 1.3, 1.5, and 1.7 V were calculated to be 26, 24, and 22 %, respectively (Table S4). Therefore, 

Ru sites in Ru-CTF possibly catalyze undetectable reactions, such as the oxygenation of carbon 

particles in the MPL.52-53 We are planning to fabricate the GDE with high corrosion-resistant 

materials, such as metal, metal oxides, or boron-doped diamond.3  

 

Stability test. The stability of Ru-CTF on GDE was investigated by repeated tests in which an 

EB oxidation reaction was performed over four consecutive cycles with replacement of the 

electrolyte every 12 h. Figure 5 shows that Ru-CTF on GDE had negligible deactivation for 

both I-t profiles and acetophenone generation with repeated use. These results indicate that Ru-

CTF on GDE has good stability at 1.5 V vs. RHE. In addition, the Ru 3p XPS spectra of Ru-

CTF/GDE did not change after the catalyst test (Figure S14). Therefore, undetectable side 

reactions such as MPL oxidation did not significantly affect EB oxidation within this time scale. 

The stability is likely attributable to the fully covalent and densely cross-linked structure of the 

CTFs. In contrast, the acetophenone generation rate gradually decreased with time in the 

absence of replacing electrolytes (Figure S15). Although the effect of the replacement of the 

electrolyte is still unclear, we assume that the gradual flooding of the gas diffusion layer due 

to water pressure was recovered or suppressed by the electrolyte replacement to some extent.13 

 

 

4. Conclusions 

Gaseous EB was successfully oxidized to acetophenone in aqueous electrolyte using a 

GDE that supported Ru-CTF. Singly isolated Ru-atoms coordinated with nitrogen atoms in Ru-

CTF were converted to high-valency Ru=O by water oxidation, and O-atom insertion into the 

C-H bond of EB was facilitated. Considering that Ru-CTF is highly stable during the long-term 

electrolysis in aqueous solution, Ru-CTF is a novel platform as a heterogeneous electrocatalyst 
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for partial hydrocarbon oxidation reactions. This is the first demonstration of electrochemical 

hydrocarbon oxidation in aqueous electrolytes using GDEs. The three-dimensional 

microstructures in the GDE maximized the transportation of gaseous hydrocarbons, and the 

oxidation reaction occurred at the triple phase boundary. The present results clearly 

demonstrate that GDEs are a promising approach for the electrochemical oxidative upgrading 

of hydrophobic organics. However, toward the real application, we need to largely increase the 

total reaction rate. The improvement of both catalysts (i.e., FE, stability, and turnover 

frequency) and systems (i.e., electrochemical cells and flow conditions) is required to achieve 

a high reaction rate. These projects are in progress in our laboratory. 
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Figure 1 (a) (left) High resolution TEM and (right) the corresponding HAADF-STEM images 

for Ru-CTF. (b) (left) FT-EXAFS spectra and (right) for k-plot spectra for Ru-CTF powder. 

Black and red lines represent the measured and fitted results, respectively. (c) Schematic 

illustration of Ru-CTF. (d) j vs. U curves for Ru-CTF on a glassy carbon electrode in 0.1 M 

phosphate buffer solution (pH 7). Scan rate, 10 mV s-1.  
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Figure 2 (a) Photograph of Ru-CTF/GDE. (b) Cross-sectional SEM image of the Ru-CTF/GDE. 

(c) Schematic illustration of the setup for electrochemical gaseous EB oxidation. 
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Figure 3. (a) Current densities (j) and (b) the amount of acetophenone generated as a function 

of time at 1.5 V vs. RHE for Ru-CTF/GDE (blue) with gaseous EB, with 0.2 mM aqueous EB 

(red) and without EB (black). Electrodes: GDE (1 cm-2), 25 C. 
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Figure 4. Dependence of the generation rate of acetophenone on the potential over Ru-

CTF/GDE with gaseous EB.  
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Table 1. Electrochemical oxidation of EB to acetophenone[a] 

Entry Substrate Catalyst 
Total acetophenone 
generation [µmol] 

1 EB saturated Ar gas[b] Ru-CTF 4.7 

2 None[c] Ru-CTF <0.1 

3 0.2 mM EB in electrolyte[c] Ru-CTF 0.18 

4 EB saturated Ar gas[b] CTF <0.01 

[a] Electrolyte : 0.1 M phosphate buffers solutions (pH 7), Reaction times: 6 h, Electrodes: 

GDE (1 cm-2), Potential: 1.5 V vs. RHE, 25 C, [b] Partial pressure of EB : 1.2×103 Pa,  [c] 

Only Ar gas was supplied to the gas chamber.  
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Figure 5 j-t curves (top) and acetophenone generation (bottom) during the reuse test of EB 

oxidation to acetophenone over Ru-CTF/GDE. The electrolyte (0.1 M phosphate buffer 

solution) was replaced every 12 h. Electrodes: GDE (1 cm-2), Potential: 1.5 V vs. RHE, 25 C. 
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