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Abstract: Hydrogenation is a critical reaction in the chemical industry, yielding a range of 

important compounds such as fine chemicals, pharmachemicals and agrochemicals. However, 

conventional hydrogenation typically requires pressurized hydrogen, high temperatures and 

involves noble metal catalysts. We proposed a two-step hydrogenation process, utilizing water as 

the hydrogen source for the industrially important reduction of nitroarenes to anilines. A metal or 

reduced metal oxide, which can be obtained from solar thermal or electrochemical reduction, acts 

as the active site for nitrobenzene adsorption, H2O dissociation and in-situ hydrogen generation. 

Among the 15 metal and reduced metal oxides investigated, Zn and Sn emerged as highly efficient 

catalysts for the reduction of a broad range of organic nitro compounds under mild conditions, 

with H2 utilization efficiency 1-2 orders of magnitude above the state-of-the-art. The presented 

protocol provides extra dimensions for designing and optimizing conventional hydrogenation 
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process with an alternative pathway. The reactive hydrogen atoms generated in-situ effectively 

overcome the barriers associated with hydrogen gas dissolution and its subsequent dissociation on 

the catalyst surface, thereby greatly enhancing the overall effectiveness for the hydrogenation 

reaction. This research potentially establishes a sustainable, generally applicable alternative to 

conventional hydrogenation methods, simultaneously presenting a viable solution for renewable 

energy storage. 
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1. Introduction 

The chemoselective hydrogenation of aromatic nitro compounds to their corresponding 

functionalized anilines holds significant scientific and technological value from its original 

discovery over 150 years ago, since these anilines are crucial intermediates for a variety of products, 

including pharmaceuticals, agrochemicals, dyes, pigments, and others.[1-3] While traditional 

processes employing Fe/HCl generate large amounts of undesirable waste, catalytic hydrogenation 

using molecular hydrogen in the presence of a heterogeneous catalyst is well-established, and often 

the preferred method. However, selectivity problems in the presence of other common functional 

groups require carefully selected and expensive noble metal catalysts such as Au[4, 5], Pd[6], Pt[7, 

8], or Ru[9], which are essential for H2 activation and the subsequent hydrogenation. Switching 

from these noble metal catalysts to inexpensive non-noble metal catalytic systems is challenging. 

Meanwhile, catalytic hydrogenation is typically operated with a high H2 pressure (3-60 bar) in 

large excess of the stoichiometrically specified amount due to the poor hydrogen solubility in most 

reaction mediums (1.6 mg/L in H2O, 2.5 mg/L in Phenol, 6.9 mg/L in Benzene, 8 mg/L in Ethanol, 

1 atm and 25 oC)[10]. In addition to safety concerns, the large carbon footprint and high 

infrastructure costs associated with conventional hydrogenation have resulted in a growing interest 

in the reduction of nitroarenes under safer and eco-friendly conditions. As an alternative to 

molecular hydrogen, liquid organic hydrogen donors including hydrazine[11, 12], formic acid[13, 

14], sodium borohydride[15], boranes, ammonia borane[16-19] and silanes[20] have been 

investigated. Despite the potential for selective chemoselectivity in nitro reduction, the use of these 

reducing agents still poses significant challenges such as toxicity and difficulty in their extraction 

from the reaction mixture. As a result, their usage is largely limited to laboratory scale organic 

synthesis. As an eco-friendly hydrogen generation approach, water splitting with renewable energy 
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has been extensively investigated in recent decades. For instance, solar fuel production via two-

step thermochemical H2O splitting (STWS) taps sunlight for renewable H2 generation[21-26], 

representing an attractive alternative to artificial photosynthesis and photovoltaic-driven 

electrolysis given its potential for higher efficiency[27]. However, despite the extensive research 

efforts in developing advanced water-splitting materials and efficiency improvement since the 

1970s[28, 29], their application is still largely limited to hydrogen and/or CO generation through 

the splitting of water and/or CO2[30-34]. The potential of STWS for chemical production is still 

largely untapped. For instance, STWS can potentially deliver and/or incorporate hydrogen into a 

reactant molecule that would otherwise be achieved through a conventional hydrogenation process, 

although molecular H2 does not need to be directly involved in the STWS-based hydrogenation 

reactions[35]. 

Aiming at a more efficient and sustainable process, we proposed and validated a two-step 

solar thermochemical/electrochemical hydrogenation (ST/ECH) approach, sourcing hydrogen 

directly from water to drive hydrogenation or reduction reactions. As illustrated in Fig. 1, during 

the hydrogenation step, an inexpensive metal or oxygen deprived metal oxide provides the active 

surface for reactants adsorption and a bulk source of reducing potential for H2O splitting as well 

as in-situ hydrogen generation. Meanwhile, the reactive H atoms generated in situ readily facilitate 

the reduction of adsorbed reactants and intermediates, thereby promoting the kinetics of the 

reaction while improving its thermodynamic favorability. During the regeneration step, the lattice 

oxygen can be abstracted from the reoxidized metal oxide through well-established 

electrochemical reduction using renewable electricity or solar thermochemical reduction driven by 

concentrated solar energy. ST/ECH provides a sustainable alternative for conventional 

hydrogenation techniques, representing an efficient method for harvesting and storing solar energy 
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Fig. 1 Schematic of the two-step solar thermochemical/electrochemical hydrogenation (ST/ECH) 

process for aromatic nitro compounds hydrogenation. Colour code: Metal (dark cyan), O (red), C 

(dark grey), N (blue) and H (white). 

via hydrogenation of aromatic nitro with the following inherent advantages: (i) ST/ECH has the 

potential to provide the reduction potential for a variety of reductive transformations without 

relying on molecular H2 or organic hydrogen donors; (ii) ST/ECH introduces alternative 

mechanistic pathways other than those based on the conventional catalytic hydrogenation. The 

reactive atomic hydrogen is derived from in situ hydrogen generation on a metal or reduced metal 

oxide surface through H2O splitting rather than the dissociative cleavage of H2. Therefore, the 

barriers for H2 dissolving in the reaction medium and the subsequent dissociation at the catalyst 

surface are eliminated. Thus, reactions that require high temperatures and pressures in 

conventional catalytic systems may readily occur at ambient temperatures and pressures; (iii) On 
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one hand, the electron-withdrawing nitro group tends to preferentially adsorb on the nucleophilic 

site of the metal/reduced metal oxide surface. On the other hand, the amine product, which exhibits 

a high affinity towards metal catalyst but less towards metal oxides, can be effectively desorbed 

promoted by the configuration change (metal to metal oxide), i.e., the oxidation of the metal 

catalyst during H2O splitting. This can in turn potentially promote nitroarenes conversion and 

amine formation; (iv) Employing metal/reduced metal oxide with different oxophilicities or by 

controlling the reduction extent of the metal oxide during regeneration, the reducing potential for 

H2O dissociation and the subsequent hydrogenation can be manipulated. This provides extra 

dimensions in modifying the activity and selectivity; (v) Under ST/ECH conditions, the only 

byproduct is O2, leading to an atom-economic transformation process which is essentially waste-

free. 

Herein, the hydrogenation of nitrobenzene is chosen as a model reaction to evaluate the 

proposed ST/ECH process. The current work concentrates on the unique hydrogenation step since 

the reduction half cycle of various redox active oxides has been well-documented for commercial 

production of metals[36, 37], solar-thermochemical H2O or CO2-splitting[22, 24, 30, 38], and 

chemical looping[39-42]. 14 oxophilic zero-valent metals including Zn, Sn, Al, Ti, Mg, Mn, Fe, 

Mo, V, Ga, Cr, W, In and AlCuZn alloy as well as non-stoichiometric CeO2-δ were employed as 

prototype catalysts to investigate the feasibility of this process. Remarkably, selective reduction of 

a wide range of organic nitro compounds were achieved at ambient temperature and pressure over 

Zn and Sn catalysts, with an unparalleled H2 utilization efficiency that is 1-2 orders of magnitude 

higher than state-of-the-art catalytic hydrogenation processes. Mechanistic investigations via 

combined experimental and theoretical studies indicate that zero-valent metals or surface oxygen 

vacancies are active redox sites for in-situ generation of H atoms from H2O and the subsequent 
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reduction of nitroarenes. With its promising generalizability, the ST/ECH process can open new 

avenues for the storage of renewable energy via a myriad of organic transformations without using 

fossil derived H2. 

 

2. Experimental Section 
 

2.1. Materials 

 

Nitrobenzene (99%), Nitrosobenzene (Analytical standard, ≥99.9%), N-Phenylhydroxylamine 

(Analytical standard, ≥99.9%), Aniline (BioRenewable, anhydrous, ≥99%, inhibitor-free), 4-

Fluoroaniline (≥98,5%), 1-Fluoro-4-nitrobenzene (≥98,5%), 4-Chloroaniline (Analytical standard, 

≥99.9%), 1-Chloro-4-nitrobenzene (Certified, ≥99.9%), 1-Br-3-nitrobenze (≥97.5%), 3-

Bromoaniline (≥97.5%), 3-Nitrophenol (Reagentplus, 99%), 3-Aminophenol (99%), 4-

Nitrotoluene (≥98.5%), 4-Aminotoluene (≥98.5%), 4-Nitrobenzaldehyde (99%), 4-

Aminobenzaldehyde (99%) were of analytical grade and purchased from Sigma-Aldrich. 4-

Nitrophenylacetylene (97%) and 4-Ethynylaniline (97%) were purchased from ThermoFisher 

Scientific. 

 

Catalyst Preparation 

Zn (nanopowder, 40-60 nm avg. part. size, ≥99% trace metals basis), Sn (nanopowder, <150 nm 

particle size (SEM), ≥99% trace metals basis), Ti (powder, -325 mesh, 99.5% trace), Mg (powder, 

≥99% trace metals basis), Mn (powder, -325 mesh, ≥99% trace metals basis), Fe (≥99%, power 

(fine)), Mo (powder, 1-5 μm, 99.9% trace), V (powder, -325 mesh, ≥99.5% trace metals basis), Ga 

(99.9995% trace metals basis), Cr (powder, 99.5%, −100 mesh), W (≥99%, fine powder), In 

(powder, −60 mesh, 99.999% trace metals basis), Devardas’ alloy (AlCuZn, Al (44-46%), Cu (49-
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51%), Zn (4-6%), powder, -100 mesh) were purchased from Sigma-Aldrich. Al (powder, -325 

mesh, 99.5% trace) was purchased from Alfa Aesar. All the chemicals were used without further 

treatment. CeO2 (99.9%) was purchased from Noah Technologies Corporation. Prior to the 

experiment, the as-received CeO2 was reduced in 10% H2/Ar (100 mL/min) at 800 oC for 2 h. 

 

2.2. Catalyst Characterization 
 

X-ray powder diffraction (XRD) patterns were collected at room temperature on a Rigaku 

SmartLab X-ray diffractometer equipped with Cu Kα X-ray radiation (45 kV, 40 mA, λ = 1.5418 

Å). Diffraction profiles were collected in the 2θ range of 10–80o with a step size of 0.02o and a 

counting time of 40s/step. Phase identification and quantification were conducted based on whole 

pattern fitting using Rietveld refinement with the PANalytical X’Pert HighScore Plus software. 

Surface morphology of the catalyst was investigated on a ThermoFisher Verios 460L Field 

Emission scanning electron microscopy (SEM) operated at 2 kV. Samples for electron microscopic 

studies were adhered directly to conductive carbon tape and secondary electron images were 

collected without any coating. Excess powder was removed by gently blowing with a nozzle. High-

resolution transmission electron microscopy (HRTEM) was performed on a FEI Titan 80-300 

transmission electron microscope, which was equipped with a liquid nitrogen cooled energy-

dispersive X-ray spectroscopy (EDX) detector for elemental analysis under a working voltage of 

200 kV. All samples were crushed into fine powders and dispersed in ethanol by ultrasonication. 

The suspension was then drop casted onto a holey-carbon coated Cu grid and dried in air under 

ambient conditions. Diffuse reflectance infrared Fourier transform (DRIFT) spectra were 

performed on a Thermo Scientific Nicolet iS50 FT-IR spectrometer in a Pike DiffusIR cell 

equipped with a KBr window. Typically, samples were homogenously blended with KBr in a 
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weight ratio of 1:3 and loaded in the alumina crucible. Pretreatment up to 100 °C in flowing Ar 

(30 mL/min) was performed to remove physically adsorbed H2O and gases, mainly carbon dioxide. 

The sample was then cooled down to 25°C and a spectrum was collected and used as a background 

for the following measurements. An Ar carrier gas (30 ml/min) saturated with nitrobenzene vapor 

at room temperature was introduced to the cell for 60 min, followed by purging with Ar for another 

60 min at 30 ml/min to remove gaseous and physically adsorbed molecules. The FT-IR spectra 

were measured at room temperature, accumulating 64 scans with a resolution of 4 cm-1. EPR 

experiments were performed on a Bruker Elxsys X-band spectrometer equipped with an SHQe 

resonator. Samples were contained in flame sealed quartz tubes (2mm OD x 1mm ID), typically 

consisting of 0.5 mg catalyst, 1 ul of nitrobenzene and 10 ul of water. The magnetic field was 

modulated 0.5 G and swept 75 G in 10 s with 10 scans averaged. Microwave power was 2 mW at 

a typical frequency of 9.32 GHz, and a time constant of 0.041 s was employed. 

 

2.3.Typical Procedure for the Catalytic Evaluation 
 

Catalytic reactions were conducted in a 50 mL stainless-steel autoclave fitted with a Teflon liner 

(Parr 4579). The reaction was carried out at 25-150 oC for 4h at a stirring speed of 400 rpm. (i) For 

a typical nitrobenzene hydrogenation with H2O as the hydrogen donor, the reactor was loaded with 

nitrobenzene (1 mmol, 102 μL), redox catalyst (0.4 g) and de-ionized water (15 ml). Prior to the 

heating, the reactor was flushed with inert Ar (>99.999%, Air gas) six times to remove the Air, 

charged with Ar at 1 atm in absence of hydrogen. (ii) For conventional nitrobenzene hydrogenation 

reactions with H2, the reactor was charged with 1 mmol of nitrobenzene, 0.4 g of catalyst and 15 

ml of de-ionized water. After being purged with H2 (>99.999%, Air gas) six times, the reactor was 

pressurized to 2 MPa with H2 and heated to the set temperature subsequently. After reaction and 
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cooling to room temperature, the reactor was depressurized and the products were filtered and 

analyzed. 

The reaction products were analyzed by online gas chromatograph (Agilent model 7820A) 

equipped with a flame ionization detector (FID) and an J&W DB-5 GC Column (30 m, 0.25 mm, 

0.25 µm, 7 inch cage) using an external standard method. The products were identified by gas 

chromatograph–mass spectrometry (GC–MS) using an Agilent 7820 GC equipped with an HP-1 

MS capillary column (100% dimethylpolysiloxane), and also by comparison with commercially 

pure products. The accuracy of the measurement was assured by performing carbon balances. The 

carbon balance was 90-105%. 

Carbon balance: moles of C measured in the reactor effluent = mole of C in the feedstock            (1) 

The Nitrobenzene conversion and product selectivity are calculated as follows: 

Nitrobenzene conversion =  
Moles of product in the reactor effluent

Mole of nitrobenzene in the feedstock
                           (2) 

Product selectivity =  
Moles of  product produced

Mole of  nitrobenzene consumed
                                     (3) 

For nitrobenzene hydrogenation with H2O as the hydrogen donor, the hydrogen utilization 

efficiency is defined as the molar ratio of hydrogen consumed to produce the hydrogenated 

products per amount of hydrogen produced. The latter is determined by the extent of oxidation of 

the redox catalyst based on Rietveld refinement of XRD spectra. Using Zn as an example: 

Hydrogen utilization efficiency =
∑ 𝑛𝑖∗𝑎𝑖

𝑛
𝑖=1

Initial Zn0 amount −  Zn0 amount after reaction
 

                                                

=   
Moles of H2 consumed

Moles of H2 Prodcued 
                                                            (4) 
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where ni donates the mole amount of the hydrogenation product i; ai donates the stoichiometric 

coefficient of the corresponding hydrogenation reaction. All the parameters in the above equation 

are expressed in a H2-equivalent basis, even though atomic hydrogen is consumed for the 

hydrogenation reactions in the STCH process. 

For conventional nitrobenzene hydrogenation reactions with H2, the hydrogen utilization 

efficiency can be evaluated as:  

H2 utilization efficiency =   
∑ 𝑛𝑖∗𝑎𝑖

𝑛
𝑖=1

nH2
                                                                                                                 (5) 

where nH2 donates the total amount of H2 charged in the reactor and can be calculated using the 

ideal-gas equation of state. 

2.4 . Computational details 
 

The DFT calculations were performed by using Vienna ab initio simulation package (VASP) 

software.[43] The generalized gradient approximation (GGA) method combined with the 

projector-augmented wave (PAW) method were employed to calculate the electronic structures 

and the corresponding electron-core interaction, respectively.[44] Here we chose the Perdew-

Burke-Ernzerhof (PBE) functional with the cutoff energy 450 eV and force convergence criterion 

of 0.05 eV Å-1.[45] The lattice parameters of Zn and ZnO were fully optimized; 3-layer 5×5 

Zn(001) and 3×2 ZnO(101̅0) supercell slabs were built with the bottom layer of atoms fixed and 

the upmost two layers of atoms and the adsorbates were relaxed during all of the calculations. The 

ZnO/Zn structure was built by placing extra ZnO clusters onto Zn(001) and, the resulting structure 

underwent thorough optimizations to obtain a stable structure. The vacuum layer was larger than 

12 Å. The structures have x and y dimensions larger than 10 Å, and all of the calculations were 

performed by 2 × 2 × 1 k-point grid. The transition-state structures were obtained by climbing 
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image nudged elastic band (CI-NEB).[46] Vibrational frequency calculations were performed to 

characterize the transition state structures and also to calculate the zero-point energies. Solvent 

effects significantly affect the reaction activity,[47, 48] thus here we used the implicit solvation 

models by VASPsol to involve the solvation effect into the calculations.[49] 

The definition of adsorption energy (Eads) and reaction energy (ΔE) is defined as below and we 

added more description correspondingly. 

Eads = Eslab+species – Eslab – Especies                                                                                                                                        (6) 

ΔE = Eproducts – Ereactants                                                                                                                  (7) 

where Eslab+species indicates the total energy of the system with the species adsorbed on the surface, 

Eslab means the energy of the surface structure, Especies represents the energy of the species in a 

system without the surface structure, Eproducts and Ereactants denote the energy of products and 

reactants in each reaction, respectively. 

 

3.  Results and Discussion 

3.1 Redox Performance. The feasibility of ST/ECH depends largely upon the thermodynamic 

and kinetic properties of the redox catalysts. Therefore, the reduced metal or metal oxides must be 

thermodynamically favorable for H2O splitting. Meanwhile, their oxidized counterparts need to be 

easily reducible either thermochemically or electrochemically. The H2O splitting (per 2 mol of 

H2), and thermal regeneration of the metal oxide (per mol of O2) can be exemplified as follows: 

Metal + 2H2O = Metal oxide + 2H2(g)                                                                                                                          (8) 

Metal oxide = Metal + O2(g)                                                                                                                                              (9) 

Take Zn as an example: 

2Zn+2H2O=2ZnO+2H2 (g)                                                                                                                                             (10) 
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ZnO=Zn+O2 (g)                                                                                                                                                                    (11) 

Fig. 2a shows the thermodynamic potentials of water splitting for 19 metal/metal oxide and 1 

reduced metal oxide/metal oxide redox pairs versus temperature. The ΔGrxn with temperature for 

regeneration of the corresponding metal oxides are plotted in Fig. S1. The ΔGrxn curves plotted in 

Fig. 2a1, a2 indicate that H2O splitting is thermodynamically feasible (ΔGrxn < 0 or small) with Mo, 

Sn, Fe, W, In, CeO1.83, V, Zn, Ga, Cr, Mn, Ti, Al and Mg from 0-300 oC. Whereas Ag, Rh, Cu, Bi, 

Co, and Ni are not able to split H2O spontaneously at this temperature range, which means a work 

input equal to the ΔGrxn at the water splitting temperature is necessary to drive the reaction. In the 

preliminary catalyst screening, 14 potential candidates including Zn, Sn, Al, Ti, Mg, Mn, Fe, Mo, 

V, Ga, Cr, W, In and Devarda’s Alloy (AlCuZn) as well as non-stoichiometric CeO2-δ were tested 

for the industrially important nitrobenzene hydrogenation (Fig. 2b and Fig. S2). Among the 

different metals investigated, Zn and Sn exhibited significant activity. As shown in Fig. 2b1, a high 

nitrobenzene conversion (83%) was achieved over Zn even at room temperature (25 oC), giving 

nitrosobenzene (12.7%), N-Phenylhydroxylamine (60.4%), and aniline (26.9%) as the primary 

products. Selectivity for aniline increased with increasing reaction temperature, accompanied by a 

decreased nitrosobenzene and N-Phenylhydroxylamine selectivity (Fig. 2b1, b2). Upon further 

increasing the reaction temperature to 100 oC, a full conversion and complete selectivity to aniline 

for both Zn (Fig. 2b1) and Sn (Fig. 2b2) were obtained. The temperature-dependent selectivity 

suggests the activation barrier for the reduction of N-Phenylhydroxylamine to aniline may be 

higher than that for reduction of nitrobenzene (or nitrosobenzene) to N-Phenylhydroxylamine, 

allowing for a complete selectivity to aniline at a higher temperature. This will be further discussed 

in the mechanistic discussion section. The fact that no traces of reaction intermediates such as the 

azoxybenzene, azobenzene and hydrazobenzene were detected indicates that ST/ECH of 
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Fig. 2 (a) Gibbs free energy change (ΔGrxn) of H2O splitting reaction over metal or reduced metal 

oxide (metal/reduced metal oxide + 2H2O → metal oxide + 2H2) as a function of temperature at 1 

bar. (b) Conversion and product selectivity for ST/ECH of nitrobenzene using (b1) Zn and (b2) Sn 

catalyst from 25-150 oC. Reaction conditions: 1mmol of nitrobenzene, 15 mL H2O and 0.4 g of 

catalyst, 4 h, 1 atm of Ar. (c) Product yield and H2 utilization efficiency over Zn and Sn catalysts 



 15 

for ST/ECH of nitrobenzene as compared with the conventional molecular-hydrogen-based 

hydrogenation process over ZnO catalyst (2 MPa H2) and SnO2 catalyst (2 MPa H2) at 25 and 100 

oC. Reaction conditions: 1mmol of nitrobenzene,15 mL H2O and 0.4 g of catalyst, 4 h, 1 atm of 

Ar or 2 MPa H2. (d) Comparison of hydrogen utilization efficiency for ST/ECH of nitrobenzene 

over Zn and Sn catalyst with the state-of-the-art catalysts employing molecular hydrogen or other 

organic hydrogen donors as the reducing agent. I, Jin et al.[50]; II. Long et al.[51]; III, Zhang et 

al.[52]; IV, Wei et al.[53]; V, Westerhaus et al.[3]; VI, Zhou et al.[54]; VII, Shi et al.[55]; VIII, Li 

et al.[56]; IX, Ryabchuk et al.[57]; X, Jagadeesh et al.[58]; XI, Zhu et al.[59]; XII, Zhang et al.[60]; 

XIII, Ye et al.[61]; XIV, Sorribes et al.[62]; XV, Cheruvathoor et al.[11], XVI, Gawande et al.[63]; 

XVII, Geilen et al.[64]., XVIII, Zhou et al.[54]. Refer to Table S2 for more details. 

nitrobenzene is most likely to proceed through the direct pathway, even though the molecular 

hydrogen is not directly involved (see Scheme 1 in supplementary information). The kinetic profile 

of ST/ECH of nitrobenzene over Zn (Fig. S4a) and Sn (Fig. S4b) catalysts features complete 

nitrobenzene conversion and aniline selectivity from 0.5-8h at 100 oC, indicating rapid H2O 

spitting and nitrobenzene hydrogenation kinetics. Note that in conventional catalytic 

hydrogenation, Felix et al.[3] revealed that nitrobenzene was converted into aniline in 300 min 

over cobalt oxide catalysts on activated carbon, with near 100% conversion and selectivity (110 

oC, 5 MPa of H2). Hongqiang et al.[65] showed that nitrobenzene was completely converted 

with >99% amine selectivity in 210 min over N/P dual-coordinated single atom cobalt catalyst 

(110 oC, 3 MPa of H2). Despite Al, Ti, Mg, Mn and Ga exhibit higher thermodynamic driving 

forces for H2O splitting as compared to Zn and Sn (Fig. 2a), comparatively lower nitrobenzene 

conversions and hydrogenation rates were observed at 25 and 100 oC (see Fig. S2 and Fig. S3 for 

more details). Reaction with Cr, W and In at 25 and 100 oC revealed no hydrogenated product at 



 16 

all (Table S1, entries 1-6). This may be due to sluggish H2O splitting and nitrobenzene 

hydrogenation kinetics. 

The amines product yield and H2 utilization efficiency of Zn and Sn (defined as the molar 

ratio of hydrogen added to the hydrogenated products to the total amount hydrogen from water 

splitting based on the Zn or Sn consumed) for ST/ECH of nitrobenzene were further compared to 

the conventional molecular-hydrogen-based hydrogenation process over ZnO and SnO2 at 25 and 

100 oC. As illustrated in Fig. 2c, 29-100% amine yield was observed for ST/ECH of nitrobenzene 

over Zn (83% yield at 25 oC, 100% yield at 100 oC) and Sn (29% yield at 25 oC, 100% yield at 

100 oC) using H2O as the hydrogen source. Meanwhile, superior hydrogen utilization efficiencies 

of 58.4-86.1% were achieved over Zn and Sn for ST/ECH of nitrobenzene (Fig. 2c, Fig. S5). The 

exceptional hydrogen utilization efficiency indicates that the nitrobenzene hydrogenation via water 

dissociation dominated the reaction pathway instead of the competing hydrogenation evolution 

reaction. And the in situ generated atomic H species are highly effective for nitrobenzene 

hydrogenation. In contrast, no appreciable reaction took place over ZnO, SnO2, Al2O3, and TiO2 

(0-7.4% aniline yield at 25 and 100 oC) via direct hydrogenation when the reaction was carried out 

under high pressure H2 (Fig. 2c, Table S1, entries 7-14). These results indicate that water 

dissociation by metal catalysts was the key step for nitrobenzene hydrogenation and the direct 

participation of molecular hydrogen was largely limited. The hydrogen utilization efficiency was 

further compared to state-of-the-art catalysts employing molecular hydrogen or other organic 

hydrogen donors such as N2H4, HCOONH4, HCOOH and NH3 BH3 as the reducing agent (Fig. 2d, 

see Table S2 for more details). Notably, one to two orders of magnitude higher efficiency were 

achieved, demonstrating the great efficacy of the ST/ECH process. The small fraction of 

unconverted hydrogen cogenerated for ST/ECH of nitrobenzene is available for storage, used as a  
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Table 1. Summary of reaction performance for the two-step ST/ECH of nitroarenes to anilines 

over Zn and Sn. Reaction conditions: 4 h, 100 oC, 1 atm of Ar, 1mmol of nitroarene,15 mL H2O 

and 0.4 g of catalyst. 

Entry Catalyst Substrate Amine Conv. (%) Sele. (%) Average reaction 

rate (mmol g-1 h-1)a 

1 Zn 

  

>99.9 42.5 1.51 

2 Sn 

  

>99.9 53.6 0.76 

3 Zn 

  

>99.9 70.8 1.51 

4 Sn 

  

>99.9 86.9 0.76 

5 Zn 

  

>99.9 83.9 1.51 

6 Sn 

  

>99.9 100 0.76 

7 Zn 

  

>99.9 93.7 1.51 

8 Sn 

  

>99.9 100 0.76 

9 Zn 

  

>99.9 85.4 1.51 

10 Sn 

  

>99.9 89.6 0.76 

11 Zn 

  

>99.9 92.8 1.51 

12 Sn 

  

>99.9 98.0 0.76 

13 Zn 

  

>99.9 >99.9 1.51 

14 Sn 

  

>99.9 >99.9 0.76 

aThe Zn and Sn converted are based on the XRD Rietveld refinement before and after STC/EH of nitrobenzene. 

 

fuel, or serve as a reducing reactant to further increase the process efficiency. To demonstrate the 

general applicability of this approach, a large number of substituted nitroarenes were examined. 
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Table 1 demonstrates that, even without further optimization, a wide variety of industrially relevant 

anilines, including chloro- and fluoroanilines, were produced with moderate-to-excellent yields 

(see entries 1–6). This approach also showed strong tolerance for other easily reducible 

substituents, such as the OH, −CHO and −C≡C− groups (Table 1, entries 7-8, entries 11-14). 

3.2 Redox Catalyst Characterizations. To elucidate the underlying reasons for the exceptional 

efficacy of the metal catalysts, various physicochemical characterizations, complemented with 

DFT calculations, were carried out for in-depth understanding of the redox chemistry and potential 

reaction pathways. Fig. 3a, b shows the phase evolution of the Zn and Sn catalyst before and after 

ST/ECH of nitrobenzene in H2O from 25 to 150 oC. For the initial Zn (Fig. 3a) and Sn (Fig. 3b) 

catalysts, a two-phase mixture consisting of Zn (JCPDS 04-005-9306) and ZnO (JCPDS 01-080-

3002) or Sn (JCPDS 04-016-6444) and SnO (JCPDS 04-008-7670) was observed, with a Zn 

percentage of 61.6 wt.% and a Sn percentage of 91.9 wt.% as determined by Rietveld refinement 

(Fig. S6). Note that this Zn content is comparable to those obtained from a pilot-scale solar reactor 

via thermal dissociation of ZnO using concentrated solar power (44 wt.%)[37]. Peaks 

characteristic of metallic Zn and Sn progressively decreased in intensity upon increasing the 

reaction temperature from 25-150 oC (see Fig. S7, Fig. S8, Table S3 and Table S4 for more details), 

due to the enhanced driving force for Zn and Sn oxidation with increasing reaction temperature. 

Diffraction peaks associated with metallic Zn and Sn almost completely disappeared after ST/ECH 

of nitrobenzene in H2O at 150 oC, with only traces of Zn (0.8% wt.%) and Sn (8.0% wt.%)  
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Fig. 3 X-ray powder diffraction patterns of (a) Zn and (b) catalyst before and after ST/ECH of 

nitrobenzene in H2O from 25 to 150 oC. (c) DRIFT spectra of nitrobenzene adsorption on Zn and 

ZnO, Sn and SnO2 catalysts. Representative SEM images of Zn catalyst before (d1, d2) and after 

ST/ECH of nitrobenzene in H2O at (d3) 25 oC, (d4) 50 oC, (d5) 100 oC and (d6) 150 oC. 

Representative SEM images of Sn catalyst before (e1, e2) and after ST/ECH of nitrobenzene in 

H2O at (e3) 25 oC, (e4) 50 oC, (e5) 100 oC and (e6) 150 oC. 

 

remaining, indicative of a near complete oxidation of Zn and Sn after reaction (Fig. S7, Fig. S8, 

Table S3 and Table S4). These results are in agreement with their superior nitrobenzene 

hydrogenation performance. The possible crystalline phase transition of Al, Ti, Mg, Mn, Fe, Mo, 

V, Cr, W, In and Devarda’s Alloy (AlCuZn) as well as reduced CeO2 after ST/ECH of nitrobenzene 
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were also investigated (see Fig. S9 and Fig. S10 for more details). Apart from the main metallic 

phases, traces of new reflections attributable to AlO(OH), Al(OH)3 and Mg(OH)2 are identified for 

Al (Fig. S9a) and Mg (Fig. S10a) after STC/EH of nitrobenzene. While for Ti (Fig. S9b, c), Fe 

(Fig. S10c, d), Mo (Fig. S10e, f), V (Fig. S10g, h) and Devarda’s Alloy (AlCuZn) (Fig. S10i, j), 

no additional peak was observed after the nitrobenzene hydrogenation step. Careful inspections 

reveal that the corresponding peaks around 40-50 degrees shifted toward higher angles after 

the nitrobenzene hydrogenation step, with more notable shifts at higher reaction temperatures 

(Fig. S10d, f, h, j). These results suggest that the zero-valent Fe, Mo, V, and Devarda’s Alloy 

(AlCuZn) are partially reoxidized. Meanwhile, the reoxidaion extents increase with increasing 

the reaction temperature. For reduced CeO2 (Fig. S10k, l), partial oxidation of the catalyst was 

revealed, evidenced by the peak shift as opposed to the emergence of new phases. This shift in 2θ 

corresponds to an increase in ceria oxidation state and a decrease in oxygen nonstoichiometry 

(CeO2-δ → CeO2). In addition, no apparent structure change was indentified for Cr (Fig. S11a), 

W (Fig. S11b) and In (Fig. S11c) catalysts after the subsequent nitrobenzene hydrogenation step 

at 25 and 100 oC, which is likely due to the kinetic limitations for H2O splitting and the subsequent 

nitrobenzene hydrogenation. This correlates well with the negligible activities as shown in Table 

S1 (entries 1-6) in which no nitrobenzene conversion was observed. Therefore, the XRD analysis 

illustrates the role of zero-valent metals or surface oxygen vacancies of metal oxide as the active 

redox sites and bulk sources of reducing potential for H2O dissociation and nitrobenzene 

hydrogenation. For comparison, the XRD patterns of ZnO, SnO2, Al2O3 and TiO2 catalysts before 

and after conventional hydrogenation of nitrobenzene using molecular hydrogen are also shown, 

indicating negligible structural change after the activity measurement (Fig. S12). 
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FT-IR measurements were employed to probe the surface interaction of nitrobenzene with 

the active site. Fig. 3c shows the IR spectra in the range of 1700-1200 cm-1 at 25 oC, obtained upon 

the adsorption of nitrobenzene on Zn, ZnO, Sn and SnO2. The bands at 1530 cm-1 and 1350 cm-1 

are assigned to the symmetric and asymmetric stretching of the nitro group (NO2), respectively. 

The phenyl ring vibration mode of nitrobenzene appears at 1480 cm-1. The adsorption of 

nitrobenzene resulted in a strong intensity over Zn and Sn, whereas a significantly lower adsorption 

intensity of nitrobenzene was observed over ZnO and SnO2. The strong adsorption of nitro group 

onto the surface of oxophilic Zn and Sn may contribute to their high catalytic activities. 

Further insights on the mechanism of nitrobenzene reduction in H2O were monitored via in 

situ electron paramagnetic resonance (EPR) spectroscopy. The Zn system (black lines) and Sn 

system (red lines) started to show strong signals at 75 oC and 100 oC, respectively (Fig. S13). These 

radicals can be associated with the reduced intermediates such as N-phenylhydroxylamine radical 

species (–N• –OH) of nitrobenzene[11]. While ZnO2 did not show evidence of radical species at 

any temperature. These results correspond well with the superior nitrobenzene hydrogenation 

performance of Zn and Sn catalysts in H2O. 

The surface morphology and the microstructure changes of Zn, Sn, Al and Ti catalyst before 

and after ST/ECH of nitrobenzene were characterized with SEM. The initial Zn catalyst (Fig. 3d1, 

d2) was composed of small nanosized pyramid-like grains with relatively uniform diameters (50–

100 nm). It's noteworthy that the pyramid-like grains of the spent catalysts, post nitrobenzene 

ST/ECH, transformed into conical stake-like crystals with increased size when the reaction 

temperature was elevated (Fig. 3d3-d6). The initial Sn catalyst (Fig. 3e1-e2) mainly consists of small 

particles of spherical morphology with relatively uniform diameters (50–100 nm), with no 

significant grain size growth observed after ST/ECH of nitrobenzene (Fig. 3e3-e6). The SEM 
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images for the spent Al and Ti were also investigated. The surface of Al (Fig. S14a-d) and Ti (Fig. 

S15a-d) were fairly smooth and composed of agglomerates with relatively non-uniform grains of 

3-30 um for Al and above 30 um for Ti. A rough surface with steps and edges was observed for 

Al (Fig. S14c, d) and Ti (Fig. S15c, d) after reaction at 100 oC, which may be due to the partial 

oxidation of the metallic surface of Al and Ti when reacting with H2O, as confirmed by XRD 

analysis. 

The elemental distribution of Zn, Sn, Al, and Ti catalysts before and after reaction were 

further characterized by STEM-EDX. For the initial Zn (Fig. 4a, a1-a3) and Sn (Fig. 4c, c1-c3) 

catalysts, a Zn rich (red) and Sn rich (red) region with O (green) preferably located near the surface 

were revealed (see Fig. S16b1-b3 and Fig. S17b1-b3 for further details). This observation, in 

combination with the XRD measurement, indicates that the initial Zn and Sn consisted of a mixture 

of metal and metal oxide. Energy-dispersive X-ray spectroscopy (EDX) mapping of the spent Zn 

(Fig. 4b1-b3) and Sn (Fig. 4d1-d3) catalysts demonstrate a homogeneously distribution of Zn (red), 

Sn (red) and O (green) elements throughout the samples, with tiny Sn rich regions remained (Fig. 

S16d1-d3 and Fig. S17d1-d3). These results reveal that the metallic Zn and Sn were almost 

completely converted to zinc oxide (ZnO) and tin oxide (SnO and SnO2) after reaction at 150 oC. 

These are in good accordance with the XRD analysis. On the other hand, the initial Al (Fig. S18a, 

b1-b3) and Ti (Fig. S19a, b1-b3) catalysts are mainly composed of metallic phases. EDX mapping 

of Al (Fig. S18d1-d3) and Ti (Fig. S19d1-d3) catalysts revealed that the metallic Al and Ti regions  
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Fig. 4 (a) Representative STEM image and the corresponding element-mapping images of (a1) Zn, 

(a2) O and (a3) combination of Zn and O for the initial Zn catalyst. (b) Representative STEM image 

and the corresponding elemental-mapping images of (b1) Zn, (b2) O and (b3) combination of Zn 

and O for Zn catalyst after ST/ECH of nitrobenzene in H2O at 150 oC. (c) Representative STEM 

image and the corresponding element-mapping images of (c1) Sn, (c2) O and (c3) combination of 

Sn and O for the initial Sn catalyst. (d) Representative STEM image and the corresponding 

elemental-mapping images of (d1) Sn, (d2) O and (d3) combination of Sn and O for Sn catalyst 

after ST/ECH of nitrobenzene in H2O at 150 oC. 
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still dominate after reaction, suggesting that Al and Ti are only partially oxidized after ST/ECH of 

nitrobenzene. The above STEM-EDX mapping verified that Zn and Sn catalysts existed in the 

form of metallic Zn and Sn with oxide enrichment near the surface. The metallic phases are 

subsequently transformed into metal oxides after ST/ECH of nitrobenzene. While for Al and Ti, 

only very limited oxidation of metallic phases was observed after the reaction, which may be 

hindered by the high energy barriers for the metal cations migration through the oxide layers[66, 

67]. 

3.3 DFT Studies. Density functional theory (DFT) calculations were performed to reveal the 

atomistic mechanisms of nitrobenzene hydrogenation reactions for Zn in water, and ZnO with 

molecular hydrogen. Consistent with the XRD and STEM-EDX characterizations, the structure 

model containing both Zn and ZnO phases were constructed and optimized to simulate the Zn 

catalyst for ST/ECH of nitrobenzene (see Fig. S20). As shown in Fig. 5a, the dissociation of H2O 

has a barrier of 0.51 eV over Zn with a reaction energy of -0.30 eV, demonstrating facile H2O 

dissociation and atomic H generation over metallic Zn. The barrier for H2 dissociation on ZnO is 

0.64 eV, which is comparably higher than that for H2O dissociation over the ZnO/Zn interface. 

(see detailed energy profiles in Fig. S21). The subsequent nitrobenzene hydrogenation sourcing H 

from H2O on ZnO/Zn is -2.44 eV exergonic, with an energy barrier of 0.18 eV. In comparison, the 

corresponding hydrogenation step for conventional hydrogenation using molecular H2 over ZnO 

is only -0.62 eV exergonic and kinetically hindered with a barrier of 0.83 eV. Additionally, in 

agreement with the FT-IR characterization, the nitrobenzene binds 0.45 eV more strongly on 

Zn/ZnO interface than on ZnO (Table S5). To summarize, these results indicate (i) strong 

absorption of nitrobenzene; (ii) facile generation of atomic H through H2O dissociation on ZnO/Zn 

interface; and (iii) the resulting atomic H is active for nitrobenzene hydrogenation. These results  
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Fig. 5 (a) Energy profile of H production through H2O/H2 dissociation and the subsequent 

nitrobenzene hydrogenation by the produced H. Red line indicates water dissociation on ZnO/Zn 

structure while black line indicates the H2 dissociation on ZnO structure. The structures of 

corresponding states are given on the right; transition states are termed as “TS”. (b) Energy profile 

of nitrobenzene hydrogenation to aniline. Proposed and other possible mechanisms are outlined 

by different color. See main text for detail information. Colour code for the structures: Zn (grey), 

O (red), C (brown), H (pink). Energy unit in eV. 

 

corroborate well with the superior hydrogenation performance of the Zn catalyst. In contrast, 

hydrogenation of nitrobenzene over ZnO with molecular H2 is impeded by the high energy barrier 

and low H2 solubility. 
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In addition to the high activity of Zn, it is quite remarkable that the relatively large Zn particles 

can be fully oxidized to ZnO during the reaction. Nakamura et al.[68] and Hartley et al.[69] 

investigated the oxidation behavior of Zn nanoparticles in air, H2O and CO2, which demonstrated 

the oxidation through outward diffusion of Zn across ZnO film by transmission electron 

microscopy. Similarly, Jeurgens et al.[66] studied the growth kinetic and mechanisms of 

aluminum-oxide films by in-situ X-ray photoelectron spectroscopy, indicating that the oxide-film 

growth rate is realized by interstitial, outward migration of Al cations. A value of 2.6 eV was 

determined for the rate-limiting energy barrier for Al cation motion. Our DFT calculation indicates 

a 0.86-1.00 eV energy barrier for the migration of Zn through cation vacancies in ZnO (Fig. S22a). 

This confirms that Zn can be oxidized to ZnO through outwards diffusion of Zn cations. For 

comparison, the diffusion of Al and Ti atoms are largely hindered in their corresponding oxides, 

with barrier ranges of 1.8-2.0 eV and 1.6-2.2 eV, respectively (Fig. S22b and c). These results are 

consistent with the fact that the metallic Zn was almost completely converted to ZnO, whereas 

only partial oxidation of Al and Ti were observed after reaction at 150 oC. 

The detailed reaction pathways for nitrobenzene hydrogenation to aniline over the Zn catalyst 

are shown in Fig. 5b. First, the energetically more favorable pathway is depicted. An O atom in 

nitrobenzene (PhNO2) is hydrogenated by an H atom with an energy barrier of 0.18 eV. The 

product is quite unstable, and it decomposes to nitrosobenzene (PhNO) and OH. Thus, we only 

considered the further hydrogenation based on PhNO and neglected the possibility of other species 

and mechanisms[70-72]. PhNO can be hydrogenated at both N and O sites. The hydrogenation of 

PhNO to PhNOH at O atom is more favorable with a barrier of 0.08 eV (blue line). For the PhNOH 

species, two hydrogenation pathways were identified. The hydrogenation at O atom is preferable 

exothermic by 1.90 eV with a barrier of 0.74 eV, producing PhN and H2O (blue line). The PhN 
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will be hydrogenated sequentially with a low barrier of 0.11 eV, resulting in the final 

hydrogenation product aniline (PhNH2). 

Other possible hydrogenation pathways are also illustrated. For example, PhNO can be 

hydrogenated to PhNHO at N position with a barrier of 1.50 eV (pink line) and TS2 as transition 

state (TS). Although the hydrogenation product PhNHO is calculated to have a close energy with 

respect to PhNOH when they adsorb at the surface, the formation of PhNHO is kinetically 

unfavorable relative to PhNOH, and the hydrogenation of PhNHO to N-Phenylhydroxylamine 

(PhNHOH) also has a high barrier of 1.16 eV when H attacks the N atom (TS4). These high barriers 

make the pathways less favorable. The PhNHOH can also be generated from the hydrogenation of 

PhNOH with similar barrier of PhNHO hydrogenation. PhNHOH can desorb from surface with a 

desorption energy of 1.11 eV (dash orange line) instead of further hydrogenation (TS7) with barrier 

of 1.3 eV or intramolecular dehydration (TS10) with an even larger barrier (2.22 eV). These results 

indicate that PhNHOH can be expected as a partially hydrogenated byproduct from the process. 

Higher reaction temperatures would disproportionally favor the further hydrogenation of 

PhNHOH relative to its desorption, and hence higher selectivity towards PhNH2 can be expected. 

These results are in line with experimental observations that the selectivity of PhNHOH decreased 

with increasing the reaction temperature. 

 

4. Conclusion 

To summarize, we have proposed and demonstrated an environmentally benign and efficient solar 

thermochemical/electrochemical hydrogenation (ST/ECH) route for the reduction of nitroarenes, 

a family of reactions with high practical significance. The ST/ECH process eliminates the use of 

noble metal catalysts, molecular H2, and organic hydrogen donors, offering the potential to harness 
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renewable energy sources such as solar irradiation or renewable electricity. 14 oxophilic zero-

valent metals as well as reduced CeO2 were investigated as prototype catalysts/water-splitting 

agents to determine the feasibility of this process. Zn and Sn displayed excellent performance for 

the reduction of a wide range of organic nitro compounds at ambient temperature and pressure, 

with H2 utilization efficiencies that are 1-2 orders of magnitude higher than state-of-the-art 

catalytic hydrogenation processes. Mechanistic investigations indicate that oxophilic zero-valent 

metals or surface oxygen vacancies act as the active redox centers for nitrobenzene adsorption and 

in-situ generation of H atoms from H2O. The in-situ generated H atoms play a crucial role for the 

highly effective reductive transformation, eliminating the barriers for H2 dissolution in the reaction 

medium and the subsequent dissociation on the catalyst surface. Based on the generalizability 

observed experimentally, the ST/ECH concept can potentially be applied towards a wide range of 

hydrogenation and reductive reactions. This can open new avenues for the storage of renewable 

energy through a myriad of organic transformations. 
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