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Materials and methods

Materials and reagents 

Ruthenium (III) chloride trihydrate (RuCl3·3H2O) and 1-cyclohexene-1-carboxylic acid (CEA) 

were obtained from Meryer Chemical Technology Co., Ltd. (Shanghai). Cyclohexanecarboxylic 

acid (CCA) was purchased from Yuanye Biotechnology Co., Ltd. 4-Methyl cyclohexane carboxylic 

acid and p-methyl benzoic acid were purchased from Tianjin Heowns Co., Ltd. (Tianjin). Sodium 

sulphate (Na2SO4) and benzoic acid (BA) were purchased from Bide Pharmatech Ltd. Potassium 

hydroxide (KOH) (90%) was purchased from Macklin Biochemical Co., Ltd. (Shanghai). H2SO4 

(95~98 wt%) was obtained from Fengchuan Chemical Reagent Co., Ltd. (Tianjin). Nafion 117 

membrane was purchased from Jingchong Electronic Technology Development Co., Ltd. 

(Shanghai). Carbon cloth (CC) was obtained from Phychemi (Wuhan, China). Silver chloride 

electrode (Ag/AgCl) and platinum plate electrode were purchased from Incole Union Technology 

Co., Ltd. (Tianjin). 

Synthesis procedure of electrode materials

CC was cut into pieces of 10 mm×30 mm, then treated for 48 h with nitric acid (68 wt%) at 

room temperature. Cyclic voltammetry (CV) was applied to prepare Ru-based electrodes with a 

three-electrode cell. An Ag/AgCl electrode (saturated with KCl) was selected as the reference 

electrode. Both working and counter electrodes were CC, of which the dimensions were 3 cm×1.5 

cm and 3.5 cm×2.5 cm respectively. 

In a typical synthesis, 2.13 g of Na2SO4 and 30 mg of RuCl3 were dissolved in 30 mL of H2O. 

After sufficiently mixing, the resulting solution was used for subsequent electrodeposition. 100 



cycles of CV electrodeposition were carried out between -0.8 and 1.1 V at a scanning rate of 0.1 V 

s-1. Then the working electrode was rinsed with distilled water and ethyl alcohol, and dried at room 

temperature. For comparison, the control electrodes were prepared with other potential ranges.

Characterizations

The morphologies were characterized by Apreo S LoVac field emission scanning electron 

microscope (FESEM), and the lattice fringes were analyzed using TEM (JEM-F200, Japan). The 

valence states were tested by Thermo Scientific ESCALAB 250Xi Spectrometer X-ray 

photoelectron spectroscopy (XPS). Products after ECH were determined by gas chromatography 

(GC, Agilent 7820 A) equipped with an HP-5 column (30 m × 320 μm × 0.25 μm). In-situ Raman 

spectroscopic studies were conducted on a laser confocal Raman microscopy (LabRAM HR 

Evolution). The concentrations of Ru were tested by ICP-OES (PerkinElmer 8300). Gas 

chromatography–mass spectrometry (GC-MS, Agilent 7890A GC-5975C MS) was carried out to 

verify the products. 

Electrochemical measurements

Electrochemical measurements were carried out by CHI760E workstation in a three-electrode 

system. The Hg/HgO electrode, as-prepared Ru/CC electrode and Pt plate electrode were adopted 

as the reference, working and counter electrodes, respectively. All the potentials were measured 

based on a Hg/HgO reference (1 M KOH) and converted to reversible hydrogen electrode scale 

according to the following equation:

E(RHE) = E(Hg/HgO) + 0.098 + 0.059pH



Cyclic voltammetry was conducted from -1.065 to 0.335 V versus Hg/HgO at a scanning rate 

of 100 mV s-1. Before linear scan voltammogram (LSV), the interference of solution resistance was 

removed with iR-correction (85%). LSV profiles were acquired at a scanning rate of 5 mVs-1. 

Electrochemical impedance spectroscopy (EIS) was completed at an initial voltage of -1.365 V with 

a frequency range from 105 to 0.1 Hz. 

Electrocatalytic hydrogenation of BA 

ECH of BA was performed in a H-type electrolyzer. Nafion 117 was used as the membrane 

and placed between the cathode and anode chambers. The as-synthesized Ru-based electrode was 

employed as the cathode with a geometric surface area of 3 cm2, which was immersed in 20 mL of 

0.1 M KOH. The Pt plate was used as the anode, which was immersed in 20 mL of 0.05 M H2SO4. 

Unless otherwise mentioned, ECH was conducted by a galvanostatic method with 50 mM BA 

added. The applied current during ECH of BA was fixed at 200 mA. After ECH, 200 μL of the 

cathodic electrolyte was neutralized with 200 μL of 0.5 M H2SO4. Then the above solution was 

extracted with 200 μL of ethyl acetate. The reactants and products were quantitatively analyzed by 

gas chromatography. The Agilent HP-5 GC column was adopted at the column temperature of 130.0 

℃. The injector temperature was 260.0 ℃, the pressure was 27.7 psi and the N2 flow rate was 48.2 

mL/min with no split ratio. The detector temperature was set at 270.0 ℃ and the flow rate of make-

up gas was 25.0 mL/min.

The conversion of BA, the selectivity of CCA and CEA, as well as the Faradaic efficiency were 

calculated as follows:



BA conversion=                            (1)

BA consumed moles 
BA initial moles

CCA selectivity=                            (2)

CCA formed moles 
BA consumed moles

CEA selectivity=                            (3)

CEA formed moles 
BA consumed moles

                              (4)
   𝐹𝐸𝐸𝐶𝐻 =

∑(𝑧𝑖 × 𝑛𝑖 × 𝐹)

𝑄𝑡𝑜𝑡𝑎𝑙

Q =It                                     (5)

where z is the number of electrons obtained by the conversion of BA to CCA (z = 6) and CEA (z=4), 

i is per product, F is the Faraday constant (96485C mol-1), I is the value of constant current applied 

during ECH and t is the time of constant current applied during ECH.

Density functional theory (DFT) calculations

Vienna ab initio simulation package (VASP) was used to conduct spin polarized DFT 

calculations. Projector-augmented wave (PAW) method and Perdew–Burke–Ernzerhof (PBE) 

functional were used to describe the ionic cores and exchange-correlation energies, respectively. 

The cut-off energy for the plane-wave basis was 450 eV. The computational structure consists of a 

periodic P (3 × 2) RuO2 (210) structure and a periodic P (2 × 7) Ru (101) structure, which are 

matched with an error of less than 5%. To avoid interactions in the z-direction, the vacuum gap in 

the z-axis direction between the periodic images was set to 15 Å. For computing the adsorption 

energies of potassium benzoate, potassium cyclohexene carboxylate and potassium cyclohexane 

carboxylate, the convergence of force and energy were set to 1×10−5 eV and 0.05 eV·Å−1 

respectively. Brillouin zone integration was sampled with a 2×2×1 Monkhorst-Pack k-point mesh. 

The adsorption energies of potassium benzoate, potassium cyclohexene carboxylate and potassium 

cyclohexane carboxylate on Ru (101), RuO2 (210) and Ru/RuO2 interfaces were calculated by the 



following equations: 

ΔEX*=E(surface+X*)-(Esurface+EX*)                         (4)

where X represents potassium benzoate, potassium cyclohexene carboxylate or potassium 

cyclohexane carboxylate. E(surface+X*) means the energy of substrate with an adsorbed X molecule. 

Esurface denotes the energy of bare substrate. EX* is the energy of molecule X. 



Fig. S1 CV profiles collected during electrodeposition process of Ru/CC (-0.8-1.1 V).



Fig. S2 TEM images of (a) Ru/CC (-0.8~1.1 V), (b) Ru/CC (-0.8~0 V), (c) Ru/CC (0~1.1 V).



 

Fig. S3 SEM images of (a) Ru/CC (-1.0~0.9 V), (b) Ru/CC (-0.3~1.6 V), (c) Ru/CC (-1.3~0.6 V).



Fig. S4 TEM, HRTEM images and corresponding SAED patterns of (a) Ru/CC (-1.0~0.9 V), (b) 

Ru/CC (-0.3~1.6 V), (c) Ru/CC (-1.3~0.6 V). 



Fig. S5 SAED patterns of (a) Ru/CC (-0.8~0 V) and (b) Ru/CC (0~1.1 V). 



Fig. S6 HAADF-STEM and elemental mapping for Ru/CC (-0.8~1.1 V).



Fig. S7 High-resolution XPS spectra of Ru 3p for (a) Ru/CC (-1.3~0.6 V), (b) Ru/CC (-1.0~0.9 V), 

(c) Ru/CC (-0.3~1.6 V).



Fig. S8 Standard curves for (a) BA, (b) CEA and (c) CCA.



Fig. S9 GC-MS full spectrum of the catholyte after 30 min of reaction and library search report.



Fig. S10 The results of GC-MS: (a1, a2) the spectrum after ECH and the standard spectrograms of 

CCA, (b1, b2) the spectrum after ECH and the standard spectrograms of BA, (c1, c2) the spectrum 

after ECH and the standard spectrograms of CEA. Operating conditions: BA: 50 mM, KOH: 0.1 M, 

Current density: 200/3 mA·cm-2, RT: 30 min.



Fig. S11 The conversion, FE and selectivity during ECH of 50 mM BA over Ru/CC (-0.8~1.1 V) in 

0.1 M KOH at different current densities: (a) 100/3 mA cm-2; (b) 150/3 mA cm-2; (c) 200/3 mA 

cm-2; (d) 250/3 mA cm-2.



Fig. S12 The conversion, FE and selectivity over Ru/CC (-0.8~1.1 V) in 0.1 M KOH at 200/3 mA 

cm-2: (a) 40 mM; (b) 50 mM; (c) 60 mM; (d) 70 mM; (e) 80 mM BA.



Fig. S13. (a) The conversion, selectivity and FE over Ru/CC (-0.8~1.1 V) during ECH of 5 mM BA 

at 20/3 mA cm-2 in 0.05 M H2SO4. The conversion, selectivity and FE over Ru/CC (-0.8~1.1 V) 

during ECH of 50 mM BA at 200/3 mA cm-2 in (b) 0.1 M NaOH, (c) 0.1 M Na2CO3, (d) 0.1 M 

NaHCO3. 



Fig. S14 The conversion, FE and selectivity during ECH of 50 mM BA at 200/3 mA cm-2 over 

Ru/CC (-0.8~0 V) prepared with 225 CV cycles.



Fig. S15 ECH of 50 mM CEA at 200/3 mA cm-2 over Ru/CC (-0.8~1.1 V) with 100 CV cycles and 

Ru/CC (-0.8~0 V) with 225 CV cycles.



Fig. S16 SEM images of spent Ru/CC (-0.8~1.1 V) after 7 ECH cycles. 



Fig. S17 High-resolution XPS spectra of Ru 3p for spent Ru/CC (-0.8~1.1 V) after 7 ECH cycles.



Fig. S18 (a1, b1) TEM and (a2, b2) HRTEM images of Ru/CC (-0.8~1.1 V) (a: Before ECH; b: After 

ECH).



Fig. S19 LSV profiles of Ru/CC (-0.8~1.1 V), Ru/CC (-0.8~0 V), Ru/CC (0~1.1 V), Ru/CC (-

1.0~0.9 V), Ru/CC (-1.3~0.6 V) and Ru/CC (-0.3~1.6 V) in 0.1 M KOH solution (a) with and (b) 

without 50 mM BA.



Fig. S20 In situ Raman spectra collected on carbon cloth for benzoate in KOH solution.



Fig. S21 Various calculated potassium benzoate adsorption sites on Ru/RuO2*, interface and 

*Ru/RuO2, showing side view (left) and top view (right) of each structure.



Fig. S22 Various calculated potassium cyclohexene carboxylate adsorption sites on Ru/RuO2*, 

interface and *Ru/RuO2, showing side view (left) and top view (right) of each structure.



Fig. S23 Calculated potassium cyclohexane carboxylate adsorption sites on the interface, showing 

side view (left) and top view (right).



Table S1. Summary of catalysts for BA hydrogenation.

Catalysts Method Solvent
Time

(h)

Temperature

(K)

Pressure

(MPa)

Con.

(% BA)

Sel.

(% CCA)

Rh/NaNbO3
[1] TCH water 5 RT 0.5 100 100

NiZrB/Al2O3
[2] TCH cyclohexane 4 425 5.0 99.9 95.3

Ni/Al2O3-NS[3] TCH cyclohexane 2.5 423 1.0 99 98

Ru/NPCNs[4] TCH water 1.5 353 1.0 74.2 99

Ru/PPh3@FDU[5] TCH water 8 373 2.0 99 98

Pt/TiO2
[6] TCH n-hexane 1 353 5.0 90 99

RhPt/MCM-41[7] TCH hexane 0.33 313 1.0 99 99

Ru/C-TiO2
[8] TCH water 2 343 2.5 99.5 86

Ru–MC-g[9] TCH water 2 393 4.0 93.7 99.1

Pd@CN[10] TCH water 24 358 0.1 50 100

Rh-PVP[11] TCH water 1 423 1.0 99 96

Ni2Mg0.5Al1-MMO[12] TCH cyclohexane 3 423 5.0 98.39 98.49

Ni/CSC-b[13] TCH THF 8 473 3.0 86.2 100

PtRu/Ni(OH)2
[14] ECH H2SO4 1.5 RT AP 100 100

Pt1Ru1.5
[15] ECH / 2 RT AP / /

PtRu/CP-4[26] ECH H2SO4 2.5 RT AP 100 100



Table S2. The valence states and binding energies (B.E.s) of Ru 3p as well as the percentages of 

metallic Ru0 species

Ru0 Ru4+ Ru0

Electrodes
B.E. (eV)

3p3/2

B.E. (eV)
3p1/2

B.E. (eV)
3p3/2

B.E. (eV)
3p1/2

content (%)

Ru/CC (-0.8~1.1 V) 461.88 484.08 464.38 486.48 68.13

Ru/CC (-0.8~0 V) 461.58 483.88 / / 100

Ru/CC (0~1.1 V) 461.88 484.18 463.58 485.88 64.26

Ru/CC (-1.0~0.9 V) 461.74 483.98 463.68 486.05 71.75

Ru/CC (-1.3~0.6 V) 461.88 484.18 463.58 486.18 79.55

Ru/CC (-0.3~1.6 V) 461.65 483.97 463.77 486.25 66.22

Spent
Ru/CC (-0.8~1.1 V)

461.78 484.18 463.28 485.58 63.50



Table S3. The ECH performance in different electrolytes.

Electrolyte 
concentration/ 

M

Current 
density/ 
mA cm-2

BA
concentration/ 

mM

Reaction 
time/ min

BA
conversion

/ %

CCA
selectivity 

/%

H2SO4 0.05 20 5 180 91.67 100

NaOH 0.1 200 50 180 93.30 95.65

Na2CO3 0.1 200 50 180 80.05 88.94

NaHCO3 0.1 200 50 180 82.75 93.72



Table S4. Overpotentials (mV) for different catalysts in the absence and presence of 50 mM BA in 

0.1 M KOH.

Overpotential (10 mA cm-2) /mV
Electrodes

With BA Without BA

Ru/CC (-0.8~1.1 V) 110 90

Ru/CC (-0.8~0 V) 172 112

Ru/CC (0~1.1 V) 141 119

Ru/CC (-1.0~0.9 V) 138 97

Ru/CC (-1.3~0.6 V) 475 288

Ru/CC (-0.3~1.6 V) 255 225
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