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Abstract: Electrocatalytic hydrogenation (ECH) approaches under ambient temperature and 

pressure offer significant potential advantages over thermal hydrogenation processes. However, 

to take advantage of such ECH routes, highly active and efficient hydrogenation electrocatalysts 

need to be developed. Herein, the engineering of Pd nanoparticles supported on a nickel metal–

organic framework (MOF), Ni-MOF-74, is demonstrated and their activity towards the ECH of 

benzaldehyde (BZH) in an aqueous electrolyte is explored. An outstanding ECH rate up to 283 

µmol cm-2 h-1 with a Faradic efficiency (FE) of 76% is reached. Besides, higher FEs of up to 

96% are achieved using a step-function voltage. Materials studio and density functional theory 

calculations show these outstanding performances to be associated with the Ni-MOF support 

that promotes H-bond formation, facilitates water desorption, and induces a favorable tilted 

BZH adsorption. In this configuration, BZH is bonded by the carbonyl group rather than 

through the aromatic ring, thus reducing the energy barriers of the elemental reaction steps and 

increasing the overall reaction efficiency. 

 

Keywords: Electrochemical hydrogenation; metal-organic-framework; palladium; 

benzaldehyde; benzyl alcohol 
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1. Introduction 

Biomass is a convenient precursor for the carbon-negative production of chemical commodities 

and fuels. Thus, the development of valorization strategies for the efficient and cost-effective 

conversion of biomass feedstocks has become a research priority.[1-3] Biomass valorization 

schemes generally involve several steps, including feedstock deconstruction, conversion of 

solid biomass into a liquid bio-oil for convenient transportation and post-processing, and 

multiple deoxygenation and hydrogenation reactions to upgrade the oxygen-rich and hydrogen-

poor biomass derivate into higher value chemicals, particularly fuels. Usually, several 

thermocatalytic steps and highly pressurized hydrogen are required in this process, which limits 

cost-effectiveness, especially within a small-scale distributed scenario that reflects and adapts 

to the distributed nature of biomass.[3]  

Alternative electrocatalytic approaches, taking advantage of protons within the electrolyte 

instead of highly pressurized hydrogen, are particularly advantageous in terms of energy 

efficiency, mild reaction conditions including relatively low temperatures  80 ºC, cost, and 

feasibility of combining with clean electricity provided by renewable energy sources such as 

wind and photovoltaics.[4-9] These advantages also make electrocatalytic hydrogenation (ECH) 

schemes suitable for distributed processing.[3]    

Benzyl alcohol (BA) is a chemical commodity used as a solvent in the fields of printing and 

coatings, as a desiccant of polymers such as nylon, as a precursor for the preparation of esters, 

and as an additive in the fragrance industry.[10] The conventional industrial methods for 

producing BA is the toluene chlorination to benzyne chloride and subsequent hydrolysis.[11] 

This route produces chlorine residues that are harmful to the environment. Thus, the production 
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of BA from the selective catalytic reduction of benzaldehyde (BZH), which can be obtained 

from lignin depolymerization,[12] is considered a convenient green alternative.  

Despite the benefits of ECH schemes over conventional catalytic hydrogenation approaches, 

the ECH of BZH to BA has been rarely explored. Among the transition metal electrocatalysts 

tested for this reaction,[13] Pd is considered the most active metal because it has an optimum 

interaction strength with BZH, with a computed binding of −3.16 eV.[14]  

Beyond the active phase, the support plays a fundamental role in ECH reactions. Large surface 

area supports are needed to enable a high dispersion of the active phase. In this direction, the 

large surface area and tunable structure of metal-organic frameworks (MOFs) offer an ideal 

architecture to support catalytic active centers. Besides, the metal nodes and aromatic linkers 

of MOFs can modify electronic interactions through synergistic interaction between the 

different elements and π-π forces,[15-17] thereby potentially enhancing the stability and activity 

of the active centers. Besides dispersing the active phase, supports play a strong role in binding 

the reactant molecule or its intermediates. In ECH processes, the simultaneous adsorption of 

the proton and the organic substrate on the electrically connected cathode surface is 

fundamental.[18-20] Thus, beyond selecting a proper active phase and having it highly 

dispersed on a high surface area support, the support composition, transport properties, and 

surface chemistry are fundamental parameters to be optimized to maximize the catalyst 

performance.[3] As an example, Zou’s group reported a UIO-66 MOF modified with terminal 

sulfonic groups that provided stronger Lewis acidic-basic and Brønsted acidic sites that 

contribute to the ECH of furfural to furfuryl alcohol.[21] Besides, Johannes’ group proved acid 

functionalization of carbon supports promotes the ECH of BZH to BA.[22]  
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Herein, we propose a high-performance electrocatalyst for the BZH to BA hydrogenation 

reaction based on Pd nanoparticles supported on an oxygen-rich Ni-MOF (Scheme 1). The 

system is studied both experimentally and using theoretical calculations. We particularly 

analyze the role of the support on the excellent performance obtained, affecting the 

adsorption/desorption of hydrogen, water, and BZH, and promoting its reaction. 

Scheme 1. (a) Illustration of the ECH of BZH to BA; (b) Scheme of the preparation process of the 

electrocatalyst Pd@Ni-MOF. Hydrogen atoms (white) were deleted for clarity in the supramolecular 

structure. 

2. Experimental sections 

2.1 Materials. All the chemicals were used as purchased, without further purification. 

Palladium(II) acetate (Pd(OAc)2 98%, Sigma Aldrich), terephthalic acid (BDC, 98%, Sigma 

Aldrich 98%, Sigma Aldrich), nickel(Ⅱ) chloride hexahydrates (NiCl2·6H2O, 99.9%, Sigma 
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Aldrich), N,N-dimethylformamide (DMF, ≥99.8%, Sigma Aldrich), triethanolamine (TEOA, 

97%, Thermo Scientific™), ethanol (CH3CH2OH , 96%, Letslab), benzaldehyde (C₇ H6O, 98%, 

Sigma Aldrich ) acetone ((CH₃ )₂ CO, Letslab), hydrochloric acid (HCl, 37%, Thermo 

Scientific™ ), and nickel foam (NF, 99.9%, Kejing).  

2.2 Synthesis of Pd@Ni-MOF. 1 mmol NiCl2·6 H2O, 1 mmol BDC, 0.2 mmol Pd(Oac)2, and 1 

mmol TEOA were dissolved in 22 mL of a mixture solution of DMF and milli-Q (MQ) water 

(20:2). After continuously stirring for 30 min, the solution was transferred into a 30 mL Teflon-

lined autoclave and a piece of NF (3x2 cm2), previously cleaned with 3 M HCl for 10 min and 

washed 3 times with MQ water, was placed into the solution leaning against the autoclave wall. 

The autoclave was sealed and heated at 120 °C for 12 h. After cooling to room temperature, the 

sample was thoroughly washed with DMF, MQ water, and ethanol and then dried at 60 °C 

overnight (mass loading: 1.2 mg cm-2). This sample was named Pd@Ni-MOF. Besides, 

reference samples containing no TEOA (TEOA-free Pd@Ni-MOF), no Pd (Ni-MOF), and no 

TEOA and no Pd (TEOA-free Ni-MOF) were also produced. An additional reference material 

electrode was produced by loading a commercial 20% Pd supported on active carbon on NF 

(20% Pd@C). 

2.3 Materials Characterization. The morphology of the samples (supported on the NF) was 

characterized by scanning electron microscopy (SEM) analysis on a Zeiss Auriga microscope 

(Carl Zeiss, Jena, Germany) with an energy-dispersive X-ray spectroscopy (EDX) detector at 

15 kV to analyze composition. Transmission electron microscopy (TEM) analysis was carried 

out on unsupported samples (sonicated from NF) using a ZEISS LIBRA 120, operating at 120 

kV. Scanning TEM (STEM) and high-resolution TEM (HRTEM) were carried out under a 200 
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keV Tecnai F20 field emission microscope. Electron energy loss spectroscopy (EELS) and 

high-angle annular dark-field (HAADF) STEM were carried out using a Gatan Quantum image 

filter embedded in the F20 (S) TEM. Powder X-ray diffraction (XRD) patterns of unsupported 

samples (sonicated from NF) were collected at 40 kV and 40 mA with Cu Kα radiation (λ = 

1.5406 Å). Characterization of the surface of the NF-supported samples was done by X-ray 

photoelectron spectroscopy (XPS) on a Thermo Scientific K-Alpha+ with Mono Al Kα 

radiation, The pressure in the analysis chamber was at around 5*10-9 mbar and the energy, 

voltage and beam current were 1486.6 eV, 12KV and 6 mA, respectively. The specific surface 

area and pore size distribution of the unsupported samples (collected precipitation with 

centrifugation after hydrothermal reaction) were obtained from N2 adsorption/desorption 

isotherms on a Tristar II 3020 Micromeritics system. Fourier-transformed infrared (FT-IR) 

spectra of the unsupported samples(collected precipitation with centrifugation after 

hydrothermal reaction)were recorded on an Alpha Bruker spectrometer. The H2 chemisorption 

tests of the unsupported samples (collected precipitation with centrifugation after hydrothermal 

reaction) were carried out on the Autochem HP system (Micromeritics Instrument Corp.).  

2.4 Product quantification and calculation. To quantify the organic products, high-

performance liquid chromatography (HPLC) was performed on an Agilent 1200 series at 30 °C. 

The HPLC was equipped with an ultraviolet-visible detector and Synergi 4u Polar-RP 80A 00G-

4336-EO 250x4.60 mm column. The eluting solvents of A: 5% methanol, 0.4% phosphoric acid 

aqueous solution; and B: acetonitrile were utilized. The program was 15% solution B for 16 

min, 25% solution B for 20 min and then 15% solution B for 16 min. The volume of injection 

was 5 μL. The flow rate was 0.5 mL s-1. The calibration curves of standard chemicals were 



8 

employed to determine and quantify the products. The quantification of the products by 

percentage conversion (Conv. %) of benzaldehyde (BZH) (1), average reaction rate (ARR) (2) 

and faraday efficiency (FE%) (3) without hydrogen evolution reaction consideration was 

carried out according to equations 1-3.  

Conv. [%] = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐵𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐵𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒
                               (1) 

ARR [μmol cm-2 h-1] = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐵𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 ∗ 𝑡𝑖𝑚𝑒
                              (2) 

FE (%) = 
𝑛𝑍𝐹

𝑄
 = 

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑓𝑙𝑜𝑤𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚
                     (3) 

where n represents the number of moles of the target product, z the required electrons of this 

reaction z=2, and F the Faraday constant 96500 C·mol−1.  

2.5 Computational theoretical calculation. Inspired by the reported model of Ru@Ni-MOF1, 

the analog structure of Pd@Ni-MOF was theoretically constructed, and the geometric 

optimization of the "Forcite" module was used to determine the structure and cell size of Pd 

and Ni-MOF. The adsorption energies for BZH with Pd@Ni-MOF were obtained by the 

"Sorption" and "Adsorption Locator" modules (the force field was COMPASS and the charge 

equilibrium was QEq). All density functional theory (DFT) calculations were performed using 

the Vienna ab initio simulation package (VASP), employing the projected augmented wave 

revising Perdew–Burke–Ernzerhof function (PAW−PBE). The cutoff energy was set at 500 eV 

for all the geometry optimizations. A 2 × 2 × 1 Monkhorst–Pack grid and A 4 × 3 × 2 

Monkhorst–Pack grid were used to obtain the surface calculations on the Pd system and the 

Pd@Ni-MOF system, respectively. At least a 20 Å vacuum layer was applied in the z−direction 

of the slab models, preventing vertical interactions between slabs. The adsorption energy (Eads) 
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is described by equation 4 where E (substrate/product and Pd), E(substrate/product) and E(Pd) are the energies 

of the system involving the Pd (111) surface connecting the substrate/product, the only 

substrate/product, and the Pd surface, respectively. All structures were completely relaxed until 

the force on each atom was less than 0.01 eV Å–1.  

Eads = E (substrate/product and Pd) − E(substrate/product) − E(Pd)          (4) 

The Free energy (Efree) was calculated using equation 5, 𝛥𝐸, 𝛥𝑍𝑃𝐸, and 𝑇𝛥𝑆 are the changes 

in the internal energy E, zero point energy ZPE, and entropic energy TS, respectively. As an 

example, The Free energy (Efree) of elemental step *CHO→*CHO-H3O shown in equation 6.2 

𝛥𝐺 = 𝛥𝐸 + 𝛥𝑍𝑃𝐸 − 𝑇𝛥𝑆               (5) 

𝐸free ∗CHO→∗CHO−𝐻3O = 𝐸𝑓𝑟𝑒𝑒 ∗CHOH − 𝐸𝑓𝑟𝑒𝑒 ∗CHO−𝐻3O + 𝐸𝑓𝑟𝑒𝑒 ∗𝐻2O     (6) 

2.6 Electrocatalytic hydrogenation tests: The electrochemical performance of the 

electrocatalyst was evaluated on a Corrtest CS2350 EIS Bipotentiostat (2-channel, Wuhan 

Corrtest Instrument Corp., Ltd) using an H-cell reactor divided by a Nafion 117 proton 

exchange membrane. The electrolyte was kept with pH=5.3 sodium acetate-acetic acid buffer 

solution. The prepared self-supported electrodes (cut into 3x1 cm2 and keep 2x1 cm2 immersed 

in the electrolyte) were used as the working electrode, a platinum mesh as the counter electrode, 

and an Ag/AgCl (KCl saturated) as the reference electrode. Cyclic voltammetry (CV) was 

performed in the range -1.1 V ~ 0.6 V vs. Ag/AgCl. Electrochemical impedance spectroscopy 

(EIS) was conducted at -0.4 V vs. Ag/AgCl. I-t curves were obtained by applying -0.6 V vs. 

Ag/AgCl as a constant voltage for 1 h or the following voltage sequence: -0.7 V vs. Ag/AgCl 

for 5 min, -0.65 V vs. Ag/AgCl for 5 min, -0.6 V vs. Ag/AgCl for 20 min, -0.55 V vs. Ag/AgCl 
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for 20 min, and -0.5 V vs. Ag/AgCl for 10 min. Experiments were performed under constant 

N2 flow. 

3. Results and discussion 

Pd nanoparticles supported on Ni-MOF-74 (Pd@Ni-MOF) were prepared by a one-step 

solvothermal process as shown in Scheme 1b (see details in the Experimental section). In this 

process, BDC, nickel(II) chloride hexahydrated, and palladium(II) acetate were used as the 

source of Ni-MOF and Pd, respectively. A NF was used as conducting support. A small amount 

of TEOA was employed as a morphology control agent to guarantee the good dispersion of Pd.  

3.1 Structural, crystalline and chemical properties of Pd@Ni-MOF 

Ni-MOF exhibits a three-dimensional architecture formed by intersecting nanosheets (Figs. 1a-

c) that offers a large surface area for reactant adsorption and diffusion, ample pores for effective 

electrolyte diffusion, and a suitable solid network for fast charge transport. While in the absence 

of TEOA Pd strongly agglomerates (Fig. S1 and Table S1), the addition of a small amount of 

TEOA results in a homogeneous dispersion of Pd particles with an average diameter of 3 nm 

across the Ni-MOF surface as observed by TEM characterization (Figs. 1d, e). HRTEM 

micrographs of the Pd and the related fast Fourier transform (FFT) analysis displayed the Pd 

(111) plane with a 2.2 Ǻ lattice spacing (Fig. 1f). The STEM-HAADF image and the associated 

EDS compositional maps of Pd@Ni-MOF confirmed the excellent dispersion of the different 

elements. Additionally, EDS analysis showed the Pd/Ni ratio within Pd@Ni-MOF to be 0.28 

(Fig. 1g and Table S2). 

The x-ray diffraction (XRD) patterns of Pd@Ni-MOF and Ni-MOF show peaks at 8.6º, 14.9º, 
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15.9º, and 17.1º, consistent with literature calculations of the Ni-MOF-74 crystal phase (Fig. 

S2).[23] On the other hand, the XRD peaks at 40.2º and 46.8º, only present in the Pd@Ni-MOF 

sample, are assigned to the metallic Pd phase.  

Fig. 1. Structural and chemical characterization of Pd@Ni-MOF. (a,b) SEM images. (c) Low-

magnification TEM image. (d) High magnification TEM image; (e,f) HRTEM images and histogram 

with the size distribution of the Pd nanoparticles. (g) STEM-HAADF image and compositional maps: 

yellow = C; green = O; blue = Ni; red = Pd. 

 

The specific surface area of Pd@Ni-MOF and Ni-MOF were quantified at 30.3 m2·g-1, and 31.6 

m2·g-1, respectively (Fig. S3). Thus, the presence of Pd did not significantly modify the surface 

area of the Ni-MOF. The organic framework of the material was characterized using FTIR. The 
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IR absorption peaks at 1575 and 1357 cm-1 are associated with the benzene ring skeleton 

stretching vibration splitting peaks, indicating the presence of an aromatic ring structure in the 

organic framework (Fig. S4). The absorption peaks at 1636 cm-1 and 1422 cm-1 provide from 

the antisymmetric and symmetric stretching vibration peaks of carboxylate (COO), respectively. 

The difference Δ [ν as -ν s] is about 214 cm-1, indicating that the carboxyl group of 1,4-BDC and 

the Ni ion form a bond through bridge coordination.[24-26] 

Fig. 2 shows the high-resolution Pd 3d, Ni 2p, O 1s, and C 1s XPS spectra of Pd@Ni-MOF, Ni-

MOF and a reference 20% Pd@C sample. The Pd 3d spectrum of Pd@Ni-MOF shows a doublet 

at 342.4 eV (Pd 3d3/2) and 337.1 eV (Pd 3d5/2) assigned to a Pd-O chemical environment. In the 

reference 20% Pd@C sample, peaks located at 341.1 eV (Pd 3d3/2) and 335.8 eV (Pd 3d5/2) are 

assigned to Pd0. Besides the satellite peaks, the Ni 2p XPS spectrum of Pd@Ni-MOF also shows 

one doublet at 873.0 eV (Ni 2p1/2) and 855.6 eV (Ni 2p3/2) assigned to a Ni2+ chemical 

environment. A very similar spectrum was obtained from the Ni-MOF sample. The O 1s 

spectrum shows several contributions tentatively assigned to Ni-O-Pd (529.1eV), Ni-O-Ni 

(530.8 eV) of MOF, O=C-O (531.6 eV) of the linker in MOF and H2O (532.6 eV). 
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Fig. 2. High-resolution XPS spectra of Pd@Ni-MOF, 20 % Pd@C and Ni-MOF, as indicated in each 

panel: (a) Pd 3d; b) Ni 2p; c) O 1s; and (d) C 1s. 

3.2 Electrochemical performances of Pd@Ni-MOF 

CV curves in 3 M pH 5.2 sodium acetate-acetic acid buffer solution electrolyte are shown in 

Fig. 3a (blue line). In the reverse scan, the CV curve shows a shoulder at -0.24 V vs. Ag/AgCl, 

overlapping with the hydrogen evolution reaction (HER) taking place at potentials below -0.3 

V vs. Ag/AgCl. This shoulder, usually referred to as the hydrogen underpotential deposition 

(Hupd) region, is assigned to the hydrogen adsorption and the formation of Pd hydride (Pd-H). 

In the forward scan, the large peak at -0.03 V vs. Ag/AgCl is assigned to the hydrogen 

desorption.  
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When adding BZH into the electrolyte, in the forward scan, the hydrogen desorption peak 

massively shrank. In parallel, in the reverse scan, the shoulder disappeared and the step increase 

related to HER decreases. This is associated with the onset potential of BZH hydrogenation 

being comparable with HER but the kinetics of the BZH hydrogenation reaction being slower 

than that of HER. This slower BZH hydrogenation kinetics is also reflected in the much larger 

Tafel slope in the presence of BZH, 137 mV dec-1, than in its absence (41 mV dec-1, Fig. 3b).  

The reversible adsorption of hydrogen, Hupd ⇌ H+(aq) + e− + *, dominating the CV curve in an 

acid electrolyte is commonly used to estimate the number of adsorption sites. Because the Hupd 

overlaps with HER, the hydrogen desorption peak in the forward scan is generally used for this 

estimation. As shown in the CV curves in Fig. S5, the presence of larger amounts of BZH 

progressively inhibits hydrogen deposition, which translates into the area of the hydrogen 

desorption peak SH decreasing with the introduction of increasing amounts of the organic 

molecule. Fig. S5b shows the Hupd deposition/desorption region of the CV for Pd@Ni-MOF in 

acetate buffer (pH 5.2) and with different concentrations of BZH. Under the assumption that 

only BZH and hydrogen adsorb on the surface active sites of the electrocatalyst,[27-29] that 

both species occupy all the active sites, with hydrogen atoms occupying the complete active 

sites in the pure electrolyte,[27] while disregarding the effect of the double-layer capacitance[30] 

and also assuming the desorption of BZH does not affect the H desorption peak area,[31] it is 

possible to determine the hydrogen coverage (H) and BZH coverage (BZH) through: 

𝜃𝐻 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝐻 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐻 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 𝑖𝑛 𝑝𝑢𝑟𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
                               (1) 

𝜃𝐵𝑍𝐻 = 1 − 𝜃𝐻                                                            (2) 
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Adding 20 mM of BZH into the electrolyte, SH strongly decreased, from 18.7 mA·V to 7.0 

mA·V and θHydrogen declined from 1 in the pure electrolyte to 0.38. In contrast, the SH of 

commercial 20% Pd@C was not substantially affected with the introduction of BZH, from 0.20 

mA·V to 0.22 mA·V, with θHydrogen maintained at almost 1. On the other hand, the TEOA-free 

Pd@Ni-MOF also underwent a notable SH change, from 17.9 mA·V to 7.6 mA·V, reaching a 

θHydrogen of 0.42. In addition, the Ni-MOF showed a notable SH change from 5.0 mA·V to 3.5 

mA·V, and a θHydrogen reduction to 0.72, which indicates that the Ni-MOF plays a role in the 

adsorption of BZH. These experimental results demonstrate that Pd@Ni-MOF electrodes are 

much more prone to adsorb BZH than the commercial 20% Pd@C catalyst. Besides, as reflected 

by the dependence of SH on the BZH concentration (Fig. 3c), at all BZH concentrations, 

hydrogen adsorption still takes place, thus both species are simultaneously adsorbed, which is 

key for the BZH hydrogenation to take place.  

 

Fig. 3. (a) Cyclic voltammetry curves of Pd@Ni-MOF in the presence and absence of 20 mM BZH. (b) 

Tafel plot. (c) H and BZH surface coverage. (d) Nyquist plot of the EIS spectra in the presence and 

absence of 20 mM BZH. (e) BZH-to-BA conversion and FE as a function of the BZH concentration at 
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constant voltage -0.6 V vs. Ag/AgCl; (f) BZH-to-BA conversion and FE as a function of the voltages 

with 20 mM BZH.  

Fig. 3c displays the Nyiquist plot of the EIS spectra of the Pd@Ni-MOF electrode in the blank 

electrolyte and the presence of BZH. Comparing the different materials (Fig. S6), we observe 

the charge transfer resistance without BZH to be the lowest for Pd@Ni-MOF (~2 Ω), well 

below that of Pd@C (~48 Ω) and TEOA-free Pd@Ni-MOF (~4 Ω). As expected, a larger 

semicircle is obtained in the presence of BZH, associated with the inhibition of the HER and 

the related higher charge transfer resistance at the electrolyte/electrode interphase. In contrast, 

the Ni-MOF shows a much larger resistance (>1000 Ω) which is not significantly affected by 

the presence of BZH, demonstrating its role just as support of the active component.  

The Faradaic efficiencies (FEs) of the ECH of BZH over Pd@Ni-MOF were determined after 

1h of reaction at a constant voltage of -0.6 V vs. Ag/AgCl using different substrate 

concentrations (Fig. 3e). The FE increased as the BZH concentration increased, up to 86% for 

a 30 mM BZH. This correlation of the FE with the BZH concentration is related to the increase 

in the BZH coverage and the consequent reduction of H coverage that reduces the competing 

HER activity. Fig. 3f shows the conversion and FE after 1h reaction at different voltages at a 

set concentration. The FE rapidly decreases as the voltage increases, which is related to the H2 

bubbles generated by the stronger HER, inhibiting BZH adsorption and thus its hydrogenation. 

Notice that while high FE up to 98% were obtained at low voltages (-0.53 V vs. Ag/AgCl), the 

conversion after 1h reaction in these conditions was moderate (just 42% at -0.53 V vs. Ag/AgCl). 
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Fig. 4. Time-dependent conversion of BZH to BA over Pd@Ni-MOF. (a) BZH conversion and BA 

production at a constant voltage of -0.6 vs Ag/AgCl. (b) I-t curve at -0.6 vs Ag/AgCl. (c) I-t profile 

under a progressively decreasing voltage. (d) BZH conversion and BA production using the voltage 

steps displayed in panel c. (e) Comparison of the conversion, FE and ARR of different catalysts and 

strategies; (f) BZH to BA conversion and FE for 5 cycles with a stepped voltage. (g) I-t profile of the 

BZH to BA conversion for 5 cycles with a step voltage. 

The time-dependence transformation of BZH into BA over Pd@Ni-MOF when applying a 

constant voltage -0.6V vs. Ag/AgCl is shown in Fig. 4a, we observe that in the batch H-cell 

reactors, as the reaction proceeds, the concentration of BZH rapidly decreases. The related I-t 

curve (Fig. 4b) exhibited a current density decrease as the reaction proceeded. This result is 

related to an indirect reduction mechanism where the adsorbed BZH reacts with the reduced 

Had atoms rather than accepting electrons and reacting with H+. Notably, Fig. S8 exhibits the I-

t curves at different voltages of conversion of BZH to BA over Pd@Ni-MOF showing that the 

I-t curve at -0.9 V vs. Ag/AgCl presents a remarkable current increase as corresponds to a direct 
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reduction process in competition with HER. [32] 

To maximize the FE, we considered a progressive reduction of the applied voltage as the 

concentration of the substrate decreases, as shown in the I-t profile of Fig. 4c. Fig. 4d shows 

the time dependence of the conversion obtained using this step voltage function. This strategy 

allowed reaching FE above 96 % with a total conversion of 88% after 1h reaction (Fig. 4e). 

Such high FEs could be maintained over five 60 min cycles, as shown in Fig. 4f and Fig. 4g.  

The XRD patterns (Fig. S9) of the powders obtained from the sonication of the electrode after 

five cycles for a total of 300 min of reaction show the Ni-MOF fingerprint has disappeared. 

This result shows a partial amorphization of the MOF during the reaction, but without a major 

morphology and elemental distribution change according to SEM and HAADF-EDS analysis 

(Fig. S10). Compared with the fresh Pd@Ni-MOF electrocatalyst (Table S1), EDX analysis 

(Table S4) of the catalyst powder after cycling shows the amount of Ni to have decreased from 

10.3% to 5.4% while the relative amount of Pd has significantly increased from 2.9% up to 

7.4 %. XPS spectra of the Pd@Ni-MOF after cycling (Fig. S11) display no major change in the 

Pd 3d XPS spectrum after cycling, with the main peaks being associated with Pd0 (3d 5/2 335.1 

eV and 3d 3/2 341.9 eV), which indicate that in the operating reduction condition, some of the 

Pd2+ was reduced to Pd0. The Ni/Pd ratio obtained by XPS significantly decreased with the 

reaction, consistently with EDX data. We associate this decrease with the partial leaching of Ni 

ions in the acid electrolyte. Notice that according to the stability test data shown in Fig. 4g, this 

leaching had a minor effect on the performance. 

3.3 Adsorption configuration of BZH on Pd@Ni-MOF 

To understand the high activity of Pd@Ni-MOF, the adsorption process was simulated using 
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Materials Studio (MS) calculations. ECH reactions are generally supported by a proton-coupled 

electron transfer (PCET) mechanism. In this two-electron process, a proton is reduced or an H2 

molecule is dissociated to form an adsorbed hydrogen (Hads) that reacts with the adsorbed 

organic molecule. It is thus essential that the catalyst surface offers sites for the simultaneous 

adsorption of both the organic molecule, BZH in this case, and H. On a pure Pd surface, the 

BZH tends to be adsorbed through the phenyl ring with a vertical configuration.[33] When Pd 

nanoparticles are dispersed on a graphitic carbon support, the phenyl ring structure drives the 

adsorption of BZH with a horizontal or vertical configuration (Figs. S12a,b). On the other hand, 

Pd nanoparticles bind to the oxygen-rich Ni-MOF through surface oxygen (Pd-O-Ni), accepting 

electrons provided by the oxygen in the MOF structure. In this scenario, Pd becomes an electron 

acceptor and the reduced electron cloud density around Pd enables BZH to adsorb on its surface 

through the carbonyl group rather than the phenyl ring, thus the titled adsorption configuration 

becomes the most favorable (Fig. S12c). In this configuration, the total average energy of BZH 

adsorbed on Pd@Ni-MOF is -64.11 kcal/mol, well above (in absolute value) that of BZH 

adsorbed on Pd@C, at -50.47 kcal/mol.  
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Fig. 5. (a) Proton-coupled electron transfer mechanism of the ECH of BZH to BA. Grey ball for Pd, 

Green for Ni, red for O, wine for C. (b) Free energy profiles for the BZH-to-BA process on Pd and 

Pd@Ni-MOF. 

Based on the initial simulation results showing the tilted adsorption configuration of BZH on 

the material Pd@Ni-MOF, DFT calculations were carried out to determine adsorption energies 

of the substrate, intermediates and product on the surface of Pd (Fig. S13) and Pd@Ni-MOF(Fig. 

S14). We considered the overall ECH reaction: 

𝑝ℎ𝐶𝐻𝑂 + 2𝐻+ + 2𝑒 − → 𝑝ℎ𝐶𝐻2𝑂𝐻                                         (3) 
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involving the following elementary steps (Fig. 5a): 

𝑝ℎ𝐶𝐻𝑂 + ∗ 
1
→  𝑝ℎ𝐶𝐻𝑂 ∗                                              (4) 

𝑝ℎ𝐶𝐻𝑂 ∗ +𝐻3𝑂+ + 𝑒 −  
2
→  𝑝ℎ𝐶𝐻𝑂𝐻3𝑂 ∗                                     (5) 

𝑝ℎ𝐶𝐻𝑂𝐻3𝑂 ∗  
3
→  𝑝ℎ𝐶𝐻𝑂𝐻 ∗ +𝐻2𝑂                                       (6) 

𝐻+ + 𝑒 − + ∗  
4
→ 𝐻𝐴𝑑𝑠                                                  (7) 

𝑝ℎ𝐶𝐻𝑂𝐻 ∗ + 𝐻𝐴𝑑𝑠  
5
→  𝑝ℎ𝐶𝐻2𝑂𝐻 ∗                                        (8) 

𝑝ℎ𝐶𝐻2𝑂𝐻 ∗ 
6
→  𝑝ℎ𝐶𝐻2𝑂𝐻 +∗                                          (9) 

Fig. 5b displays the free energy change from the substrate phCHO, intermediate species 

phCHO-H3O, phCHOH, and the product phCH2OH on unsupported Pd and Pd@Ni-MOF. The 

substrate adsorption step indicates a stronger BZH energy on the surface of Pd@Ni-MOF (-

0.59 eV) than on Pd (-0.20 eV). The most prominent advantage of the Pd@Ni-MOF is the lower 

free energy change associated with the H2O molecule removal step, which is the rate-limiting 

step. The free energy change associated with this step in Pd@Ni-MOF is +5.84 eV, well above 

the value obtained for unsupported Pd, +7.77 eV. This lower energy change is related to the 

formation of Pd-O-Ni bonds on the Ni-MOF surface that changes Pd from an electron donor to 

an electron acceptor, thus facilitating the removal of H2O molecules. The free energy of the 

second hydrogen atom added to the species phCHOH (6) is higher on Pd@Ni-MOF (-1.02 eV) 

than on the Pd surface (-4.43 eV), which decreases the kinetic energy barrier significantly. 

4. Conclusion 

A Pd@Ni-MOF electrocatalyst containing a uniform dispersion of Pd particles on the surface 



22 

of a Ni-MOF was produced and characterized. This electrocatalyst showed excellent activity 

toward the BZH ECH to BA in an aqueous phase, with an outstanding ECH rate of up to 283 

mol cm-2 h-1 with a FE of 76%. This excellent performance is related to the important role 

played by the Ni-MOF in increasing the adsorbed hydrogen coverage, enabling the tilted 

adsorption of BZH through its carbonyl group, and facilitating H2O desorption. Besides, we 

demonstrate the reaction FE can be increased up to 96 % by modulating the applied voltage 

while the total conversion is improved to close to 90%. In this strategy, relatively high voltages 

are applied at high substrate concentrations and are decreased as the concentration decreases to 

maintain a high selectivity. This work provides new insight into the selective hydrogenation of 

BZH into monomer-alcohol products and other carbonyl functional group organics. 
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S2 

Figure S1. (a-c) SEM images of TEOA-free Pd@Ni-MOF; (d) EELS chemical composition maps 

obtained from the red squared area of the STEM micrograph of the sample produced without TEOA. Ni 

(purple), C (green), O (yellow) and Pd (red). 

 

Table S1. EDX results of TEOA-free Pd@Ni-MOF  
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Figure S2. XRD patterns of Pd@Ni-MOF, TEOA-free Pd@Ni-MOF, TEOA-free Ni-MOF and 

Ni-MOF. 

 

Figure S3. Nitrogen adsorption and desorption isotherms of (a) Pd@Ni-MOF and (b) Ni-MOF. 

 

Table S2. EDX results of Pd@Ni-MOF 
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Figure S4. FT-IR spectra of Pd@Ni-MOF, TEOA-free Pd@Ni-MOF, Ni-MOF and TEOA-free 

Ni-MOF. 

 

 

Figure S5. (a). Cyclic voltammograms measured in the presence of different concentrations of 

BZH (scan rate: 50 mV s-1). (Reaction conditions: Sodium acetate-acetic acid (3 M) buffer (pH 

5.2) electrolyte, room temperature, 1 bar N2 flow.); (b) The shaded region was integrated to 

estimate the species coverage corresponding to the HUPD. 
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Table S3. SH integration in the absence and presence of BZH and the θH results of Pd@Ni-

MOF, Pd@Ni-MOF( no TEOA), 20% Pd@C and Ni-MOF. 

 

Figure S6. Cyclic voltammetry curves (a-c) and EIS (d-f) of 20% Pd@C (a,d); Pd@Ni-MOF 

(no TEOA) (b,e) and Ni-MOF (c,f) in the presence and absence of 20 mM BZH. Reaction 

conditions: Sodium acetate-acetic acid (3 M) buffer (pH 5.2) electrolyte, room temperature, 1 

bar N2 flow. 
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Figure S7. Comparison of the results of the electrochemical test over different materials with 

constant I-t (-0.6 V vs. Ag/AgCl). 

 

 

Figure S8. I-t curves at (a)-0.7 vs Ag/AgCl; (b) -0.8V vs Ag/AgCl and (c)-0.9 V vs Ag/AgCl 

of conversion of BZH to BA over Pd@Ni-MOF. 
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Figure S9. XRD pattern after 5 reaction cycles (60 min each). 

 

Figure S10. (a) SEM image, (b) HRTEM image and FFT analysis, (c) HAADF and EDS 

compositional maps of Pd@Ni-MOF after 5 reaction cycles (60 min each). 

Table S4. EDX results of Pd@Ni-MOF after 5 reaction cycles (60 min each). 
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Figure S11. XPS spectra of Pd@Ni-MOF before and after 5 reaction cycles of 60 min each at 

the stepped voltages (a) Pd 3d; (b) Ni 2p; (c) O 1s; and (d) C 1s.  

Figure S12. Schematic of adsorption configuration of BZH on (a-b) Pd@C. and (c) Pd@Ni-

MOF, gray = C; green=Pd; red=O; blue=Ni. 
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Figure S13. Structures of different species on the Pd surface 

 

 

Figure S14. Structures of species on Pd@Ni-MOF surface, full model as depicted in Figure 

S11c. 

 


