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Abstract: Although photocatalysis has attracted tremendous research interest, there still 

remains critical challenges (e.g., low visible-light quantum efficiency, organic media, etc.), 

especially for selective hydrogenation of nitroarenes. Herein, we design and synthesize the 

first confined photocatalyst by introducing the nanospace of double-shelled hollow silica 

sphere as a photocatalytic nanoreactor to promote the hydrogenation reaction with the fast 

reaction kinetics. This photocatalyst exhibits excellent activity, selectivity, and recyclability. 

Especially, superior selectivity (99%) is achieved when used for the hydrogenation of 

nitroarenes under visible-light irradiation in pure water medium. Both experimental and 

theoretical simulation results indicate that the Ag/Ag2O structure and confined nanospace of 

the photocatalyst greatly increase the contact probability between photogenerated atomic 

hydrogen and nitroarenes. Additionally, corresponding anilines are obtained almost 

quantitatively towards the hydrogenation of nitroarenes in pure water medium at room 

temperature. Therefore, this work provides a rational design concept of highly efficient 

visible-light photocatalyst for green chemistry industry.

Keywords: Photocatalytic nanoreactor; Nitroarenes; Confinement effect; Visible-light 

irradiation; Superior selectivity
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1. Introduction

Exploring highly efficient catalysts for the hydrogenation of nitroarenes to anilines 

is of significance because the functionalized anilines and their derivatives are key 

chemical intermediates for the manufacture of pharmaceutical, agrochemical, and 

pigment industries [1-3]. Compared with metal nanoparticle (MNP) catalysts, the 

supported MNPs catalysts can avoid the MNPs aggregation and offer improved 

performance in catalytic reduction of various nitroaromatics [4-6]. Especially, the 

development of highly selective, earth-abundant, atom-efficient and recyclable 

catalysts has been attracting much interest in order to meet the substantially industrial 

requirements owing to the high-cost and limited availability of noble metals [3,4,7]. 

Transitional metals, alloy or single-atom catalysts have shown some promise as 

alternative solutions to increase the activity and selectivity towards the hydrogenation 

of nitroarenes in recent years [7-10]. However, there still remain some drawbacks 

including long reaction time, high temperature, and pressured hydrogen gas for these 

supported metal catalysts [6,11-13]. And due to the stepwise reduction of nitroarenes 

during the hydrogenation processes, a lot of by-products such as nitroso- and 

azo-compounds are produced, severely limiting the practical applications of these 

catalysts in industry [3,6,14].

Using solar energy to directly drive the hydrogenation of nitroarenes into anilines 

can avoid the formation of byproducts and exhibit a high reaction rate and selectivity 

under benign reaction conditions without high-pressure hydrogen gas [14-16]. 

Currently, various semiconductors including SiC [15], Si [17], and g-C3N4 [18] have 

been reported as effective catalysts for the light-driven hydrogenation of nitroarenes. 

For example, Au-Cu@ZrO2 photocatalyst was reported to yield the corresponding 
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anilines directly as the sole product under visible-light irradiation [14]. MNPs loaded 

Si catalyst was effective towards the photoinduced hydrogenation of nitrobenzene to 

corresponding aniline under light irradiation [17]. However, the quantum efficiencies 

reported in these studies are quite low under visible-light irradiation at ambient 

temperature, even using supported noble metal photocatalysts [3,19]. This issue is 

especially critical for realizing highly efficient light-driven organic synthesis when 

hydrogen transfer steps from hydrogen donor to organic substrates are involved in the 

hydrogenation reaction [3], [16]. Not only that, all these conventional supported metal 

catalysts have to rely on organic solvents as reaction media to promote the diffusion 

rate of substrate due to the low water solubility of nitroarenes (e.g., nitrobenzene, 

chloronitrobenzene, etc.) [14,15,17,20-24]. Although a couple of works tried to use 

aqueous systems to hydrogenate nitroarenes, their atomic hydrogen was produced 

mainly based on the reaction between metal [18] or NaBH4
 [25] with water rather than 

photoinduced atomic hydrogen, leading to a relatively low conversion [18, 25, 26], as 

a result, high reaction temperature combined with long reaction time were used to 

boost the photocatalytic process [26]. Therefore, how to enhance the diffusion- and 

hydrogen transfer- independent photocatalytic reaction remains a big challenge for the 

hydrogenation of nitroarenes in pure water medium at room temperature. 

Herein, we report a novel visible-light driven photocatalyst by introducing the nanospace 

of double-shelled hollow silica spheres as a photocatalytic nanoreactor for the first time, in 

which the confined Ag/Ag2O nanoparticles (metal-semiconductor) are easy to be excited and 

generate lots of electron/hole pairs under visible-light irradiation for quick hydrogenation 

reaction even in pure aqueous media because photoinduced atomic hydrogen can rapidly be 

transferred to nitroarenes in the confined nanospace [14,15,17,18,20-24,26]. Although 

confined concept has been widely used for designing common catalysts, it has never been 
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used for light-driven catalysts owing to the optical opacity of supports (Figure S1). Both the 

experimental results and molecular dynamics  (MD) simulation illustrate that the special 

confined environment can significantly boost the contact probability between nitroarene 

molecules and photogenerated atomic hydrogen, which is too difficult to be realized in 

currently all photocatalytic systems. Accordingly, the obtained novel photocatalyst presents 

extremely high activity, selectivity, and stability even in pure water medium at room 

temperature, significantly promoting the green synthesis of key chemical intermediates in 

industry. Our findings provide a design idea to develop novel highly efficient, low-cost and 

environment-friendly photocatalysts. 

2. Experimental Section

1.1 Materials and methods

Tetraethoxysilane (TEOS), 2-(methacryloyloxy) ethyltrimethylammonium-chloride 

(DMC), and allyl triethoxysilane (ATES) were obtained from J&K scientific Ltd and 

used as received without further purification. Silver nitrate, sodium borohydride, 

styrene, K2S2O8, and 2-propanol were available from the Sinopharm Chemical 

Reagent Co., LtdS (China) and were used as received except styrene was purified with 

5 wt.% sodium hydroxide before use.

1.2 Silver ions encapsulation

hollow SiO2 spheres were synthesized according to our previous works [27,28]. 

Subsequently, silver nitrate was added to aqueous solution using hollow SiO2 as 

template via the impregnation method [29]. Typically, hollow SiO2 spheres (4 g) were 

added to 40 mL of aqueous solution containing the required amount of silver nitrate. 

The mixture was stirred for 24 h, evaporated and dried under vacuum overnight. 

1.3 Preparation of SiO2-Ag/Ag2O/void@SiO2 photocatalyst 
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The as-synthesized hollow SiO2-Ag+ spheres (0.4 g) were used as the template and 

in situ polymerized with styrene (2.5 g) and co-monomer DMC (0.6 g), and further 

coated by silica shell derived from the sol-gel reaction of TEOS (1.5 g) under the 

ammonia (3 mL). After calcination at 450℃, the resulting particles were reduced to 

Ag, Ag/Ag2O, and Ag2O nanoparticles using an excess amount of NaBH4, small 

amount of NaBH4 and without NaBH4, producing SiO2-Ag/void@SiO2, 

SiO2-Ag/Ag2O/void@SiO2, and SiO2-Ag2O/void@SiO2, responsively. For 

comparison, the SiO2-Ag/Ag2O@SiO2 (without confined nanospace) and 

SiO2/void@SiO2-Ag/Ag2O (unconfined catalyst) were also synthesized using the same 

synthetic process of SiO2-Ag/Ag2O/void@SiO2 photocatalyst.

1.4 Photocatalytic hydrogenation of nitroarenes

Photocatalyst (25 mg) was added to a H2O/2-propanol (10.2 mL) at the ratio of 9:1 

w/w (10:90) or pure water (10.2 mL). After degased by bubbling nitrogen, nitroarenes 

(0.05 mmol) and formic acid (8.3 mg) were added. The sealed test tube was positioned 

in a quartz bath and the suspension was stirred and illuminated by visible-light 

irradiation (Perfectlight, PLS-SXE300, xenon lamp with an UV cut-off filter (λ>400 

nm)). As soon as the catalyst was added, the hydrogenation products of nitroarenes 

were detected by high performance liquid chromatography (HPLC).

3. Results and Discussion

3.1 The preparation and characterization of the confined SiO2-Ag/Ag2O/void@SiO2 

photocatalyst

The visible-light driven catalyst is prepared as illustrated in Figure 1a. the silver 

ions (Ag+) are deposited on the surface of hollow silica spheres to form SiO2-Ag+ 

nanoparticles, which are then encapsulated by cationic polystyrene spheres (CPS) 
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through the copolymerization of styrene and allyltrimethoxysilane monomer [27]. 

During this process, the outer SiO2 shell is formed via the sol-gel reaction of tetraethyl 

orthosilicate (TEOS). After removing templates via calcination at 450°C, followed by 

the partial reduction using a catalytic amount of NaBH4, SiO2-Ag/Ag2O/void@SiO2 

photocatalyst is obtained. 

The TEM image shows a sharp difference between the pale hollow center and the 

dark solid edge (Figure 1b), indicating that each sphere has a hollow structure. A 

closer observation finds a clear double ring at the surfaces of all spheres, indicating a 

double-shelled hollow SiO2 structure. This structure can be further confirmed by the 

SEM image (Figure 1c) showing a well-defined morphology and artificially broken 

microspheres (insert). In addition, the high-resolution TEM (HRTEM) reveals that 

each hybrid sphere contains a number of dark particles with crystal lattices of 0.204 

nm and 0.270 nm (Figure 1d), which correspond to Ag and Ag2O, respectively [30] 

and confirm the successful formation of both Ag and Ag2O nanoparticles through 

partial reduction using NaBH4. 

X-ray diffraction (XRD) analysis also reveals diffraction peaks at 32.2◦, 38.0◦, 54.8◦, 

and 64.3◦, and at 38.1◦, 44.3◦, 64.4◦, and 77.4◦ (Figure. S2a), corresponding to Ag2O 

(JCPDS No. 41-1104) and metallic Ag (JCPDS No. 04-0783) [30], respectively. The 

content of Ag/Ag2O mixture in the as-obtained hybrid sphere is ~53.2 mg/g measured 

by inductively coupled plasma-optical emission spectroscopy (ICP-OES). N2 

adsorption/desorption isotherm displays a type IV with a distinct hysteresis loop 

observed in the almost whole range (0.05–0.9 P/P0) (Figure 1e), which is distinguished 

from the same condensation steps of single-shelled hollow silica [31]. Moreover, the 

BET (Brunauer-Emmet-Teller) isotherms and BJH (Barrett-Joyner-Halenda) pore size 

distributions indicate that the hybrid sphere has mesoporous structure with a high 
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surface area of 141.68 m2/g, making it more convenient for reactants/products to 

diffuse to/from the confined Ag/Ag2O sites. The energy dispersive X-ray (EDX) 

analysis shows the presence of C, O, Si, and Ag elements (Figure S2b). The elemental 

mapping further demonstrates that Si and O signals hold the same morphology of 

double-shelled hollow silica sphere (Figure 1f-h). Moreover, the Ag element is highly 

distributed in sample (Figure. 1i). The elemental profiles also show that silver signal 

appears after the signals of silicon and oxygen, then the strong signals of silicon and 

oxygen elements again (Figure S3). Combined with Figure. 1, the Ag/Ag2O confined 

in the double-shell hollow silica spheres have been successfully prepared [32].

3.2 Bonding environment of SiO2-Ag/Ag2O/void@SiO2 photocatalyst

The full survey XPS spectrum shows the existences of O, Ag, C, and Si in the form 

of O1s, Ag3d, C1s, and Si2s (Figure S4a). For the Ag2O nanoparticles, the spin-orbit 

components of Ag3d peak are located at ~374.55 and 368.3 eV (Figure S4b), which 

correspond to Ag+ in crystal structure of Ag2O [33]. Interestingly, the two strong 

peaks are able to been divided into four bands (367.7, 368.8, 373.7 and 374.8 eV), 

indicating the existence of multiple valences of silver species. The two relatively weak 

peaks at 368.8 and 374.8 eV are indexed to Ag◦3d5/2 and 3d3/2, respectively, while the 

two major peaks at about 367.7 and 373.7 eV are assigned to Ag3d5/2 and Ag3d3/2, 

indicating that Ag element mainly exists as Ag2O. The high-resolution O1s spectrum 

may be attributed to the O element in hollow SiO2 sample (Figure S4c), and can be 

fitted into four peaks, in which Ag-O characteristic peak appears at 529.4 eV [33], 

while other peaks of O1s can be ascribed to the oxygen in the surface hydroxyl groups 

as well as carbonate species [34]. Consequently, all these results confirm that the 

Ag/Ag2O confined in the nanospace of double-shelled hollow SiO2 spheres have been 

successfully synthesized.
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3.3 Photocatalytic hydrogenation of nitroarenes

Hydrogenation of nitroarenes is an important industrial reaction to produce 

high-value-added amines, and usually used as a model reaction to prove the 

photocatalytic properties of the as-synthesized catalysts [1,35,36]. Herein, two 

controls, one is the Ag nanoparticles confined in double-shelled hollow SiO2 spheres 

(SiO2-Ag/void@SiO2) and another is the Ag2O nanoparticles confined in 

double-shelled hollow SiO2 spheres (SiO2-Ag2O/void@SiO2), were synthesized for 

further comparison to understand the respective role of Ag and Ag2O species by using 

the photocatalytic hydrogenation of nitroarenes to produce aniline under visible-light 

irradiation (λ>400 nm) and formic acid as a hydrogen source, which was widely 

reported as the transfer hydrogenation of nitroarenes [8,37]. As shown in Table.1, 

when the hydrogenation reaction takes place in an organic solvent, e.g., 2-propanol 

with H2O (9:1 w/w), SiO2-Ag/void@SiO2 presents the poorest conversion and 

selectivity towards the hydrogenation of three nitroarenes (nitrobenzene, 

2-chloronitrobenzene and p-nitroacetophenone), SiO2-Ag2O/void@SiO2 is better. In 

contrast, the SiO2-Ag/Ag2O/void@SiO2 catalyst exhibits 100% conversion, 100% 

selectivity, and 99% yield. When the ratio of H2O in reaction medium is further 

increased (Table S1), the excellent photocatalytic performance still is achieved. Even 

in pure water medium, the SiO2-Ag/Ag2O/void@SiO2 catalyst still displays as high as 

>99% of selectivity and >98% of yield towards the reduction of three nitroarenes, 

while SiO2-Ag2O/void@SiO2 produces only 87% conversion and selectivity of 

2-chloronitrobenzene, SiO2-Ag/void@SiO2 manifests much lower  conversion and 

selectivity of p-nitroacetophenone. In addition, the conversion of nitrobenzene over 

SiO2-Ag/Ag2O/void@SiO2 catalyst has a turnover frequency (TOF) with 134.7 h−1 

according to the equation of TOF reported in previous work [15]. This TOF value is 
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the highest among three photocatalysts (123.0 and 66.5 h−1 for SiO2-Ag2O/void@SiO2 

and SiO2-Ag/void@SiO2, respectively). 

The effects of pH and common ions on the photocatalytic performance of the 

SiO2-Ag/Ag2O/void@SiO2 catalyst were further investigated towards the 

hydrogenation of nitrobenzene, as shown in Figure S5. Although pH can affect the 

charge of SiO2 support because of its surface silanol groups, the electrostatic 

interaction does not affect the molecular diffusion of catalyst substrates due to electric 

neutrality of nitroarenes (e.g., NB, 2-NCB and PNAP). When the hydrogenation of 

NB was carried out in acidic medium (e.g., pH=3 or 5), the pH values of reaction 

solution exhibit little effect on the photocatalytic performance due to enough amount 

of hydrogen ions. When basic reaction medium (e.g., pH=8 or 10) was used, a sharply 

decreased property was observed because the atomic hydrogen was very hard to be 

produced under visible light irradiation. On the other hand, the common ions (Cl-, 

NO3
-, PO4

3- and SO4
2-) also exhibit significant impact on the photocatalytic 

performance because they are effective radical scavenger [38].

To confirm the stoichiometry of this photocatalytic hydrogenation [39], we 

investigated the yields on the hydrogenation of nitrobenzene at different initial 

concentrations by HPLC. The aniline is obtained almost quantitatively towards the 

hydrogenation of nitrobenzene in pure water at room temperature (Figure S6), which 

is in good agreement with the standard curve of amine.

3.4 Role of Ag/Ag2O and kinetic profiles for the hydrogenation of nitroarenes 

When the initial concentration of nitrobenzene increases, SiO2-Ag/void@SiO2 

photocatalyst produces a obvious decrease in conversion and selectivity in both 

organic and aqueous media (Table S2). Similarly, SiO2-Ag2O/void@SiO2 

photocatalyst also exhibits a slow decrease. On the contrary, the 
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SiO2-Ag/Ag2O/void@SiO2 catalyst still keeps very high yield and selectivity. All 

these results indicate that the formation of Ag/Ag2O structure plays a critical role in 

achieving extremely high activity and selectivity towards the hydrogenation of 

nitroarenes. 

To ascertain the role of Ag and/or Ag2O as a main photocatalyst under visible-light 

irradiation, the control experiments were carried out in the dark under identical 

conditions. Figure S7 shows that the concervion of nitrobenzene is as low as 8.5% 

without light irradiation at 15oC, even at high reaction temperature (35 oC), the 

conversion of NB slightly increases to 38.4%. Especially, poor selectivity is observed 

in the large temperature span (15~35 oC), strongly confirming that excellent activity 

and selectivity are ascribed to photocatalysis rather than thermal reaction over Ag 

nanoparticles. On the other hand, the hydrogenation of nitrobenzene was investigated 

under single-wavelength (λ=400,450,550 nm) irradiation. The experimental results 

indicate that the high conversion (87.5~98.4%), selectivity (74.2~91.2%), and yield 

(63.6%-87.9%) of nitrobenzene still are obtained as shown in Figure S8, indicating 

that Ag2O works as a main photocatalyst under light irradiation. 

The hydrogenation of nitrobenzene was further performed at various temperatures 

for different time to investigate the effect of temperature on the apparent rate constant 

(kapp) according to the following equation (1) [31]: 

ln(C/C0) = - kapp t                       (1)

where C0 and C are the reactant and initial concentrations of nitrobenzene, 

respectively. Figure 2a and c show that the kapp increases with the increase in 

temperature, indicating that nitrobenzene molecule does not have so much diffusional 

limitation to access the photogenerated atomic hydrogen. Based on the Arrhenius 

equation (2): 
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ln kapp =ln A- Ea/RT                     (2)

Here, Ea is the energy of activation, A is the pre-exponentialfactor, and R is the 

general gas constant (8.314 J K−1 mol−1). The plot of ln kapp versus 1/T can be derived 

as shown in Figure 2b and d. The result shows that Ea for the hydrogneation of 

nitrobenzene over SiO2-Ag/Ag2O/void@SiO2 photocatalyst is as high as 708.5 kJ/mol, 

far beyond the value (429.9 kJ/mol) of Ea over SiO2/void@SiO2-Ag/Ag2O catalyst. 

3.5 Effect of confinement nanospace on photocatalytic reduction of nitroarenes 

To demonstrate the importance of the confined environment in realizing highly 

efficient selectivity, another two controls, SiO2/void@SiO2-Ag/Ag2O (unconfined 

bare Ag/Ag2O, Figure S9a) and SiO2-Ag/Ag2O@SiO2 (without confined nanospace, 

Figure.S9b), were designed and synthesized under the same condition for further 

comparison. Table 2 compares their catalytic properties towards the hydrogenation of 

three nitroarenes under visible-light irradiation. In an organic medium, the 

SiO2/void@SiO2-Ag/Ag2O demonstrates the lowest yield and selectivity (69~79%) 

towards three nitroarenes, the introduction of confinement effect can clearly improve 

the conversion and selectivity of nitroarenes (89~97% for SiO2-Ag/Ag2O@SiO2). In 

contrast, the confined nanospace causes 100% conversion and selectivity of 

nitroarenes. In pure aqueous medium, a clear decrease in the conversion and 

selectivity over two control photocatalysts is observed, while high yield and selectivity 

(>99%) over the SiO2-Ag/Ag2O/void@SiO2 catalyst are still achieved, indicating that 

the confined nanospace of photocatalyst may avoid to use organic solvents (e.g., 

alcohols [3,23,40], THF [35,36,41], and n-dodecane [42]) that are widely used during 

the hydrogenation of nitroarenes.

The highly efficient conversion and selectivity of SiO2-Ag/Ag2O/void@SiO2 

photocatalyst are further investigated by evaluating the effect of the initial 
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concentration on the hydrogenation of nitroarenes. As the initial concentration of 

nitrobenzene increases, evident decreases in conversion and selectivity over 

SiO2/void@SiO2-Ag/Ag2O and SiO2-Ag/Ag2O@SiO2 photocatalysts are seen in both 

organic and aqueous media (Table S3), while the selectivity of nitrobenzene over 

SiO2-Ag/Ag2O/void@SiO2 photocatalyst almost remains unchanged even when the 

initial concentration is tripled, suggesting that confined nanospace plays another 

critical role in obtaining the highly efficient conversion and selectivity.

In addition, our photocatalyst also displays even higher conversion and selectivity 

(100% and 99.78% in organic and pure water media, respectively) than typical Pd/Si 

photocatalyst (94% and 83%, respectively) (Table S4). Increasing initial concentration 

obviously decreased the selectivity of nitrobenzene over the Pd/Si photocatalyst [17], 

while the nanospace confined photocatalyst still produces as high as 100, 99.32, 99.43 

and 97.31% of conversion and selectivity when the initial concentration is doubled, 

tripled, quintupled, even five-folded, respectively. These results indicate that 

hydrogenation efficiency of nitrobenzene by our photocatalyst is five times faster than 

that by typical Pd/Si catalyst [17], no matter whether organic solvent or pure water is 

used as reactive medium. All these results suggest that the confined nanospace can 

considerably depress the escape of photo-generated atomic hydrogen and improve the 

contact probability of atomic hydrogen and nitroarenes, efficiently overcoming the 

requirement of organic media or harsh reaction conditions that are necessary for 

almost all the previously reported photocatalysts towards the hydrogenation of 

nitroarenes (Table S5).

3.6 Recyclability of SiO2-Ag/Ag2O/void@SiO2 photocatalyst

To investigate the reusability and stability of the as-synthesized 

SiO2-Ag/Ag2O/void@SiO2 photocatalyst, a series of recycling experiments for the 
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hydrogenation of nitrobenzene were performed under visible-light irradiation through 

the observation of similar conversion and selectivity for four consecutive recycling 

[43,44]. The photocatalyst can be easily recovered from each reaction run by 

centrifugal separation, and then reused for the next run. In the first test, the conversion 

of nitrobenzene by the fresh solid catalyst is about 100 % within 180 min (Figure 

S10). The second run also produces 100% conversion and selectivity. Even after four 

runs, the conversion and selectivity of nitrobenzene are still as high as 97.57%. In 

particular, the crystalline morphology of Ag/Ag2O remains very well (Figure S11) and 

the leaching of Ag does not happen by ICP-OES measurement after four recycle tests, 

indicating the good chemical stability because of confinement effect (Figure S11). 

3.7 Synergistic effect of Ag/Ag2O and confined nanospace on hydrogenation of 

nitroarenes

Based on the above results, both the Ag/Ag2O structure and the confined nanospace 

effect are playing crucial roles in achieving the extremely high activity and selectivity 

towards the hydrogenation of nitroarenes under visible-light irradiation. If the 

Ag/Ag2O structure was replaced with Ag or Ag2O nanoparticles, the rapid 

recombination rate of photo-generated charge pair would take place [33], leading to 

low photocatalytic efficiency (Tables 1 and S2). The UV–vis absorbance and 

corresponding Kubelka–Munk plots of three photocatalysts also evidence that the 

Ag/Ag2O structure holds the strongest visible-light absorption compared to Ag or 

Ag2O confined photocatalysts (Figure S12a, b). 

In addition, from the transient photocurrent response and electrical impedance 

spectroscopy (EIS) Nyquist plots (Figure S12 c, d), the as-synthesized catalyst has the 

strongest photocurrent intensity in comparison to SiO2-Ag/Ag2O@SiO2 and 

SiO2/void@SiO2-Ag/Ag2O, indicating the highest transfer efficiency of 
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photogenerated charge for our photocatalyst due to its high kinetic rate performed in 

the confined nanospace of double-shelled hollow architecture, which can be further 

confirmed by the smallest semicircle in the Nyquist plots among the three 

photocatalysts (Figure S12d). 

3.8 molecular dynamics (MD) simulation 

To further investigate the effect of nanospace confinement on the hydrogen transfer, 

we performed molecular dynamics (MD) simulation to build a model system for 

typical nitrobenzene and hydronium in a confined nanospace and unconfined space 

behavior in two reactive media, as shown in Movies S1-4. Our simulations clearly 

demonstrate that the average distance of nitrobenzene and hydronium in a lamellar 

confinement and unconfined SiO2 layers are 1.12 and 1.94 nm in organic medium, 

respectively. This means that in the lamellar confinement environment, nitrobenzene 

and hydronium have more chances to contact each other with minimum of 0.23 nm 

(Figure 3 and Figure S13a), suggesting nitrobenzene molecule can form close collision 

with hydronium, leading to efficient hydrogenation of nitrobenzene. Even in pure 

water system, the confined nanospace also significantly improves the collision 

probability of nitrobenzene and hydronium (Figure 3d). The representative structures 

show that the SiO2 interface adsorbs hydronium on the surface because of favorable 

van der Walls interaction (Figure S13b), which prevents the nitrobenzene molecule 

diffusing away from hydronium. The dynamics simulation results indeed confirm that 

the confined interlayer environment from two-layer SiO2 plays a critical role in 

promoting efficient hydrogen transfer from hydrogen donor to nitrobenzene.

3.9 Photocatalytic mechanism towards the hydrogenation of nitroarenes 

Based on the experimental results, the theoretical simulation, and the detected 

intermediates of nitroarenes via LC-MS spectra in the presence of the as-synthesized 
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photocatalyst, we propose a photocatalytic hydrogenation mechanism as shown in 

Figure 4. Under visible light irradiation at room temperature, Ag2O is easy to be 

excited and generates lots of h+/e- pairs based on its narrow bandgap (~1.2 eV) 

[30,45], and the photoinduced electrons in the conduction band of Ag2O will move to 

the metallic Ag due to its electron trapping effect [42], while the holes will been 

consumed in the valence band of Ag2O by degrading HCOO- [46], effectively 

improving electron–hole separation due to its self-stability [30,45]. During 

hydrogenation of nitroarenes, the electron is received by a proton to produce atomic 

hydrogen on the metallic silver [17], meanwhile the atomic hydrogen is transfered to 

nitroarenes, stepwisely forming nitrosobenzene, hydroxylamine and corresponding 

aniline, while the oxidation of the formate species happens by holes [17]. 

Thanks to the existence of confined nanospace in the as-synthesized 

SiO2-Ag/Ag2O/void@SiO2 photocatalyst, the atomic hydrogen can be rapidly utilized 

to hydrogenate nitroarenes before forming molecular hydrogen because the 

hydrogenation reaction can occur with the fast reaction kinetics in confined nanospace, 

leading to a high conversion and selectivity (Figure 5a). In the absence of confined 

nanospace (SiO2-Ag/Ag2O@SiO2),  nitroarenes molecules need to take more time in 

contacting the photoinduced atomic hydrogen via two possible pathways: 

hydrogenation reduction occurs on the surface of catalyst and within pore channels 

between inner and outer layers of SiO2, which enhances the probability of molecular 

hydrogen formation and thus results in relatively lower photocatalytic efficiency 

(Figure 5b). In the case of unconfined bare Ag/Ag2O (SiO2/void@SiO2-Ag/Ag2O), the 

atomic hydrogen is easy to be escaped from metallic Ag particles, leading to much 

lower catalytic efficiency for the hydrogenation of nitroarenes (Figure 5c). 

4. Conclusion
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In summary, we have demonstrated the first confined visible-light-driven photocatalyst 

with Ag/Ag2O nanoparticles confined in double-shelled hollow silica spheres. The 

as-synthesized photocatalyst can significantly promote the hydrogen transfer by enhancing 

the collision probability between nitroarenes and hydronium because of the confined 

nanospace effect. Accordingly, this novel photocatalyst displays considerably higher 

conversion and selectivity than all of the previously reported photocatalysts and 

commercially available ones. Even in pure water medium, it still presents ultrahigh 

visible-light catalytic hydrogenation efficiency, and thus can avoid to use organic solvents to 

drive diffusion and hydrogen-transfer process. The design concept of this new photocatalyst 

we present here provides a new insight in exploring highly efficient visible-light driven 

catalysts for the development of eco-friendly organic reactions through the combination of 

metal/semiconductors and confinement effect. 
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Figure 1. The preparation and characterization of the photocatalyst. (a) Illustration for the 

synthetic scheme of the SiO2-Ag/Ag2O/void@SiO2 photocatalyst. (b) TEM image. (c) SEM 

image. (d) HRTEM image, inset, the artificially broken spheres. (e) BET. (f) STEM images 

and EDX mapping (g: Si, h: O, i: Ag, and j: C).
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Figure 2 Plot of ln(C/C0) versus t (min) and Arrhenius plot of ln kapp versus 1/T (K−1) 

for catalytic reduction of NB in the presence of SiO2/void@SiO2-Ag/Ag2O (a,b) or 

SiO2-Ag/Ag2O/void@SiO2 (c,d) photocatalyst in aqueous medium.
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between two SiO2 layers (a) and in the unconfined surface of outer SiO2 layer (b); (c) the 

minimum distance between nitrobenzene and hydronium in organic medium; (d) the 

minimum distance between nitrobenzene and hydronium in pure water.



25

HCOOH            HCOO- + H+

H+

Ag

Ag2O

Outer SiO2

Inner SiO2

Ag

CO2+H2O

h+ h+ h+ h+

e- e- e- e-
e-

Ag
e-

e-

Ag2O

Ag2O

Ag2O

H

HCOO-

Ag2O

(1.24eV）

H H

Figure 4. Photocatalytic mechanism of hydrogenation of nitroarenes



26



27

Table 1 Hydrogenation of nitroarenes to produce aniline under visible-light irradiation

N B

N O 2

2-N C B

N O 2

Cl

PNAP

NO2

O

Catalyst Solvent

Conv. 

(%)

Select. 

(%)

Yield 

(%)

Conv. 

(%)

Select. 

(%)

Yield 

(%)

Conv. 

(%)

Select. 

(%)

Yield 

(%)

SiO2-Ag/Ag2O/void@SiO2 100 100 99.0 100 100 99.0 100 100 99.0

SiO2-Ag2O/void@SiO2 99.75 99.75 97.51 98.20 98.20 94.50 97.84 97.84 93.81

SiO2-Ag/void@-SiO2

2-propanol

/H2O

79.73 79.73 62.30 59.42 59.42 34.61 65.13 65.13 41.57

SiO2-Ag/Ag2O/void@SiO2 99.78 99.78 98.57 99.75 99.75 98.51 99.40 99.40 98.13

SiO2-Ag2O/void@SiO2 95.48 95.48 89.34 87.00 87.00 74.18 89.17 89.17 77.92

SiO2-Ag/void@-SiO2

H2O

64.99 64.99 41.39 34.68 34.68 11.79 20.85 20.85 4.26

Reaction conditions: nitroarenes (0.05 mmol), formic acid (8.3 mg), photocatalyst (25 mg), water (1.1 mL)/2-propanol (9.1 mL) or 

water (10.2 mL) medium, visible-light irradiation (xenon lamp, 300 W) with an UV cutoff filter (λ>400 nm), Time=3 h, Room 

temperature (RT).
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Table 2 the effect of confined nanospace on the hydrogenation of nitroarenes 

NB

NO2

2-N C B

N O 2

Cl

PNAP

NO2

O

Catalyst Solvent

Conv. 

(%)

Select. 

(%)

Yield 

(%)

Conv. 

(%)

Select. 

(%)

Yield 

(%)

Conv. 

(%)

Select. 

(%)

Yield 

(%)

SiO2-Ag/Ag2O/void@SiO2

(with confined nanospace)
100 100 99.0 100 100 99.0 100 100 99.0

SiO2-Ag/Ag2O@SiO2

(without confined nanospace)

97.64 97.64 93.43 96.63 96.63 91.51 89.37 89.37 78.27

SiO2/void@SiO2-Ag/Ag2O

(unconfined bare-Ag/Ag2O)

2-propanol

/H2O

74.56 74.56 54.48 79.30 79.30 61.63 69.78 69.78 47.72

SiO2-Ag/Ag2O/void@SiO2

(with confined nanospace)

99.78 99.78 98.57 99.75 99.75 98.51 99.40 99.40 98.13

SiO2-Ag/Ag2O@SiO2

(without confined nanospace)
95.32 95.32 89.04 87.05 87.05 74.26 85.59 85.59 71.79

SiO2/void@SiO2-Ag/Ag2O

(unconfined bare-Ag/Ag2O)

H2O

70.71 70.71 49.0 55.70 55.70 30.40 64.14 64.14 40.32

Reaction conditions: nitroarenes (0.05 mmol), formic acid (8.3 mg), photocatalyst (25 mg), water (1.1 mL)/2-propanol (9.1 mL) or 

water (10.2 mL) medium, visible-light irradiation (xenon lamp,300 W) with an UV cut-off filter (λ>400 nm), Time=3 h, Room 

temperature.
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Graphical abstract

 The first example of the confined visible-light driven catalyst was reported.

 Ag/Ag2O confined in the nanospace of double-shelled hollow silica were successfully 

synthesized.

 The as-synthesized photocatalyst exhibited superior activity, selectivity, and recyclability than 

other catalysts. 

 Molecular dynamics simulation was used to build a model system for the hydrogenation of 

nitroarenes.


