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Abstract 

Concerted electron and proton transfer is a key step for the reversible 

conversion of molecular hydrogen in both heterogeneous nanocatalysis and 

metalloenzyme catalysis. However, its activation mechanism involving electron 

and proton transfer kinetics remains elusive. With the most widely used 

catalytic hydride reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) as 

a model reaction, we evaluate the catalytic activity of noble metal NPs trapped 

in porous silica in aqueous NaBH4 solution. By virtue of a novel combination of 

catalyst design, reaction kinetics, isotope labeling, and multiple spectroscopic 

techniques, the real catalytic site for the conversion of −NO2 to −NH2 is 

identified to be the water-hydroxyl transition metal complex, which could 

further react with NaBH4 to form a new triangular configuration metal complex 

of H3B-water-hydroxyl with dynamic feature. It yields an ensemble of surface 

electronic states (SESs) though space overlapping of p orbitals of one B and 

several O atoms (including the O atoms of 4-NP), which could act as an 

alternative channel for concerted electron and proton transfer. This work 

highlights the critical role of conceptual SESs model in heterogeneous 

catalysis to tune the chemical reactivity and also sheds light on the intricate 

working of the [FeFe]-hydrogenases.  

Introduction 

The “pool of electrons” present on metal NPs surface has been extensively 

used to drive a wide range of chemical transformations (1-6). Among of them, 

the hydride reduction of 4-NP to 4- AP in an aqueous solution using sodium 

borohydride (NaBH4) as a hydride source is the one of the most widely used 

model reaction to evaluate the catalytic activity of a large variety of metal NPs 

catalyst (7-13). It is generally believed that, the metal NPs is the active site of 

catalytic hydride reduction, which offers a dual role by providing its surface for 

the adsorption of reactants and mediating the transfer of electrons and protons 



to reduce the kinetic barrier for the −NO2 to −NH2 conversion (NaBH4 reducer 

is taken for granted as the source of hydrogen, Scheme 1a). However, the 

mass of solid evidences showed that, the efficiency of the catalytic 4-NP to 

4-AP conversion is not only attributed to the metal NPs centers (14, 15), but 

also to the microenvironment of the secondary coordination sphere of metal 

center, such as the pH and the type of solvent (16-23), Very interestingly, the 

deuterium isotopic experiments recently confirmed that the interface water is 

prerequisite for catalytic reduction, and that, counter-intuitively, it is water 

rather than the NaBH4 reducer that provides the hydrogen for the formation of 

the 4-AP product (16, 24), suggesting a completely new water-mediated 

proton transport mechanisms for the catalytic hydride reduction of −NO2 to 

−NH2 at metal NPs surface.  

 

Scheme 1 Comparison of different reaction mechanisms in metal catalyzed hydride 

reduction of 4-nitrophenol (4-NP) in aqueous NaBH4 solution. (a) Metal mediated electron 

transfer Langmuir-Hinshelwood (LH) mechanism, (b) Our proposed surface electronic 

states (SRSs) dependent proton transfer mechanism, and (c) A coupled mechanism for 

proton and electron transport to the active site though an activated water channel in 

[Fe-Fe]-hydrogenases.  

In this report, with mesoporous silica nanosphere (MSNs) supported noble 

metal NPs as a model catalyst, we systematically study the effects of different 



reaction parameters on the reduction kinetics in the aqueous NaBH4 solution, 

mainly including the composition and valence of metals (Ag/Pd/Pt), isotopic 

solvent (D2O) or reducer (NaBD4), and concentration of sodium hydroxide 

(NaOH). The reaction rate is strongly dependent on the composition of metals 

and isotope effect of solvent and reducer. But surprisingly, Fourier transform 

infrared (FTIR) and isotope labeling experiments evidence that the hydrogen in 

the final product 4-AP comes from water solvent, instead of the reducer 

(NaBH4), independent on the metal nature of catalytic site. A thorough 

investigation by optical spectrum and 1H nuclear magnetic resonance (NMR) 

spectroscopies reveals that the hydride reduction of 4-NP at nanoscale 

interface proceeds by a new metal surface intermediate of H3B-water-hydroxyl 

with triangular configuration (Scheme 1b). If the O atoms of reactant 4-NP are 

involved, a four-center activated surface complex H3B-water-hydroxyl-4-NP 

should be considered, which could be surrounded by H-bonding water 

molecules (Scheme 1b). This unique multicenter intermediate yield an 

ensemble of surface electronic states (SESs) though space overlapping of p 

orbitals of B and O atoms, which could act as a reaction channel to promote 

concerted electron and proton transfer by Grotthus hopping mechanism 

(25-32). This new electronic state dependent proton transport dynamic was 

only recently observed in [FeFe]-hydrogenases for proton reduction (Scheme 

1c) (33-42). 

Results and Discussions 

The most commonly used Pt/Pd /Ag NPs were trapped into the mesopores 

of dendritic mesoporous silica nanospheres (DMSNs) as model catalysts for 

mechanistic study of hydride reduction of −NO2 to −NH2.The fabrication of Ag 

NPs based catalyst could be a typical example, where highly dispersed Ag 

NPs with a narrow particle size distribution of ca. 2.0 nm were obtained due to 

the unique nanopore confinement effect of DMSNs (Synthetic details provided 

in the Supporting Information, (19, 43-45). Figure 1a shows that the reaction 

rate of hydride reduction of 4-NP to 4-AP is strongly dependent on the metal 

type of catalysts in an order of Ag (0.57 min-1) > Pd (0.52 min-1) > Pt (0.06 

min-1). At identical reaction conditions, Ag and Pd NPs catalysts show the 

similar reaction activity. However, unexpectedly, Pt NPs exhibits the lowest 

reaction rate since it is the one of best metal catalysts to activate the reducing 

agent NaBH4 with the formation of stabilized platinum hydride surface species, 

suggesting that the B-H bond cleavage in NaBH4 reducer is not the 

rate-determining step for catalytic hydride reduction of 4-NP. 



 

Figure 1. Kinetic data of the catalytic hydride reduction of 4-NP, (a) Metal type effects of 

Pt/Pd/Ag NPs supported catalysts, (b) Microenvironment effects of Ag NPs supported 

catalysts, (c) Kinetic isotope effects (KIEs) of NaBD4 or D2O, and, (d) FTIR spectra of the 

final products after the hydride reduction of 4-NP using NaBH4 and H2O (black line), 

NaBD4 and H2O (red line), and NaBH4 and D2O (blue line). 

In addition, we interestingly found that not only the metal type, but also the 

delicate change of microenvironments of the same metal center (Ag NPs) 

significantly affected the reaction kinetics (Figure 1b), such as the valence 

state of Ag atoms and the pre-adsorption of hydroxide on the Ag NPs, which 

was never reported before. To our surprises, Ag+@DMSNs catalyst without the 

last step of metal reduction showed better catalytic performance (k2 = 0.96 

min-1), compared to Ag NPs catalysts with zero valence charge (k1 = 0.57 

min-1), indicating that metal surface is not necessary for interfacial electron 

transfer, in other words, the electrons could be transported by other pathway. 

However, some ones may doubt this conclusion owing to the self-reduction of 

Ag+ to Ag NPs in the ambient conditions since ca. 17.0% of zero valence Ag 

atoms were observed in this sample by XPS measurement (Fig. S2 and Table 

S1). To preclude this possibility, a completely Ag+ cation exchanged LTA zeolite 

catalyst was sophisticatedly designed, it even shows superior catalytic 

performance (k4 = 1.36 min-1) over Ag+@DMSNs (k2 = 0.96 min-1), surpassing 

all the reported Ag NPs catalysts (Table S2). This diagnostic experiment 

further confirms that the metal NPs mediated electron transfer process is not 

main reaction channel for hydride reduction of 4-NP to 4-AP (Scheme 1a), 

which also answers the abnormal catalytic behavior of Pt NPs catalyst with 

ultra-low catalytic reactivity (Figure 1 a). Instead, we observed that the delicate 

change of microenvironment of metal active sites, for example, the introduction 



of hydroxide groups (OH-) with proper adsorbed amount on metal centers 

during the preparation of catalysts significantly accelerates the rate of hydride 

reduction of 4-NP up to 1.27 min-1 (Figure 1 b, blue line). However, if more OH- 

was adsorbed on the active sites, the reaction was inhibited (Fig. S3). Similar 

results were recently reported (17). This suggests that, hydroxide groups 

involves the fabrication of surface active site, and mediates the proton transfer 

in the reduction of 4-NP to 4-AP as a key reaction step under the help of 

surrounding water molecules. 

Kinetic isotope effects (KIEs) with deuterated reducing agent NaBD4 and/or 

solvent D2O was used to further elucidate the mechanisms of reactions and 

determine the bond-breaking positions and the rate-determining steps (RDS). 

The results of reaction kinetics are shown in Figure 1c, and all the reactions 

follow pseudo-first-order kinetics (46). The reagent (kNaBH4 / NaBD4) and solvent 

(H2O / D2O) KIEs value is 2.09 and 3.40 (Figure 1c), respectively, which 

indicates that the dissociation of the B−H bond of borohydride ions and O-H 

bond of water solvent both involve the reaction kinetics of catalytic hydride 

reduction of 4-NP (47, 48). The larger KIEs value of solvent water (3.40) over 

reducing agent NaBH4 (2.09) found here demonstrate that the combination of 

a nitro group with protons in the solvent H2O is the RDS of this reaction.  

Besides the kinetic investigations, the FT-IR spectroscopic analysis of the 

final products after deuterium isotopic experiments also provide direct 

experimental evidences to understand the hydride reduction mechanics 

(Figure 1d). When reduction occurs in an aqueous solution of NaBH4, the 

absorbance peaks at approximately 3283 and 3344 cm−1 are attributed to the 

N−H bond (Figure 1d, black line) (16, 20), indicating the formation of products 

4-AP in agreement with that of commercial 4-AP (Figure S5). However, when 

the deuterated reducer NaBD4 is used, counter-intuitively, the hydrogen atoms 

of −NH2 are not from BH4
− because of the absence of N-D stretching vibrations 

(Figure 1d, red line). To our surprises, when D2O is introduced, two fingerprint 

N-D stretching bands of 4-AP at 2379 and 2497 cm−1 are observed (16), 

concomitantly, accompanying a decrease of adsorption intensity of N−H 

vibration in a range of 3200-3400 cm−1 (Figure 1 d, blue line). The key role of 

water as proton donors for the conversion of 4-NP is also proved. When the 

other solvents are used, such as ethanol (EtOH) and tetrahydrofuran (THF), 

the reduction of 4-NP can hardly happen (Fig. S6), consistent with recently 

reported results (16, 20). It is importantly noted that, this finding is not only 

limited to the Ag NPs based catalyst, but also for Pd and Pt NPs catalysts. 

Thus, taken all results together, we confirm that the H atoms are from the 

protic solvent water, instead of hydride reducer NaBH4, suggesting a 

completely new surface electronic states (SESs) dependent proton transfer 

mechanism to tune the hydride reduction of −NO2 to −NH2 at metal naoscale 

interface (Scheme 1a and 1c).  



 

Figure 2. Excitation (dash line) and emission spectra (solid line) of Pt, Pd and Ag NPs 

supported DMSNs catalysts (a), and Ag NPs supported DMSNs catalysts with modified 

catalytic active sites (b). 

Optical spectroscopy is a powerful characterization tool to determine the 

nature of surface electron states (SESs).Very recently, on the surface of metal 

nanoclusters (NCs) core, some p band intermediate states (PBISs) were 

captured by a steady and ultrafast transient absorption spectrum, which is 

formed through space interactions of p orbitals of paired O atoms in the 

hydrated hydroxide complexes; and upon photoexcitation, the brighter tunable 

photoluminescence (PL) emissions from these transient states (PBISs) were 

observed with the characteristic of a π→π* transition (49-52). Due to the 

similarity in preparations for Pt/Pd/Ag NPs catalysts and metal NCs, the 

identical SESs on Metal NPs surface should be formed, which could act as 

alternative reaction channels for the high-rate reduction of 4-NP by a 

concerted electron and proton transfer dynamics, as a reminiscent of 

[FeFe]-hydrogenase mechanism (Scheme 1b and 1c) (39-42). Figure 2 shows 

the excitation and photoemission spectra of Pt/Pd/Ag NPs supported DMSNs 

catalysts. When these catalysts are directly dispersed into water solution, Pt 

NPs based catalyst emits the strongest fluorescence at 430 nm with an 

excitation band at ca. 348 nm, which is followed by Pd and Ag NPs catalysts 



(Figure 2a), indicating the most stable luminous centers on the Pt NPs surface. 

We interestingly observe that, the reaction rate of 4-NP reduction is inversely 

proportional to the stability of the luminescent center, and that Ag NPs based 

catalyst exhibits the best catalytic performance in the conversion of 4-NP to 

4-AP (Figure 1a). This is probably due to the strong coordination between Pt 

and surface OH species, which prohibits the chemical adsorptions of reducer 

NaBH4 and reactant 4-NP, consequently resulting in the lower reactivity (53, 

54).  

Linking to the data of reaction kinetics (Figure 1b), the chemical reactivity of 

Ag NPs based catalysts not only depends on the stability of SESs, but also its 

density. Owing to the relative weak coordination ability between Ag+ and 

hydroxide group, at metal surface, reactant 4-NP could compete for the 

adsorption of hydroxide groups. The observation of excitation and emission 

spectrum prove this point. When the weak luminescent Ag NPs based 

catalysts were dispersed into the mixed H2O/NaOH, distinct luminescence 

emissions at ca. 500 nm were observed due to the formation of more surface 

metal complexes in a formula of [Ag+•(OH−•H2O)(H2O)n‑1] (Figure 2b and 

Scheme 1c). When the catalysts are added into the mixed 4-NP/NaOH 

solution, the PL at ca. 500 nm is more intensified, and concomitantly with a 

significant increase of excitation band absorption at ca. 290 nm (Figure 2b, 

green line), which indicates the switching of the surface complex from 

[Ag+•(OH−•H2O)(H2O)n-1] to [Ag+•(OH−•4-NP)(H2O)n-1]. Obviously, the change 

of optical properties is caused by the structural discrepancy of two 

intermediate states, suggesting the varied overlapping of the two p orbitals of 

O atoms from hydroxide groups and /or 4-NP (49). This finally determines the 

reaction kinetic of 4-NP reduction. In a word, SESs formed by surface ligated 

complex provide an alternative pathway for interfacial electron transfer, 

differing from the mode of well-recognized metal-surface mediated electron 

transfer dynamics (54-56).  



 

Figure 3. 1H NMR spectra to probe the intermediate species and the reaction mechanism 

of Ag NPs catalyzed hydride reduction of 4-NP during the in-situ and ex-situ reaction with 

different combinations of NaBH4 and D2O (a); NaBH4, NaOD and D2O (b); NaBD4 and 

D2O (c) and Ag@DMSNs catalyst, 4-NP, NaBH4 and H2O (d). 

The optical spectrum proves the presence of SESs as a reaction channel for 

electron transfer, but it cannot give any detailed information on the critical step 

of H− transfer from NaBH4 to H2O via SESs. The systematically designed 1H 

NMR spectroscopies can identify these intermediate species formed during 

in-situ and ex-situ reactions with deuterated chemical agents of NaBD4, NaOD 

and D2O, especially the delicate change of the hydrogen local environments in 

NaBH4 and H2O molecules. At this point, it is importantly noted that, to improve 

the resolution of 1H NMR data permitting the clear observation of intermediate 

species with narrow multiplets, and, in addition to avoiding the peak 

broadening of freely tumbling H2O on the signal, no external water is 

extra-added, since the source of H2O only through absorption of H2O in the air 

into the D2O solvent is enough to collect the information of hydrogen local 

environments (57).  

Depending on the presence or absence of NaOH or NaOD, 1H NMR spectra 

in Figure 3 shows two typical characteristics with high resoluted multiplets. In 

the absence of NaOH or NaOD, the 1H spectrum of NaBH4 alone is composed 

of four components (Figure 3a, 3c and Fig. S7, 8): one resonance centered at 

−0.3 ppm with four peaks from NaBH4, one at ca. 4.3 ppm from H2O/OH 

hydrogen-bonded to NaBH4, and the other two resonances at ca. 3.43 and 

1.02 ppm, which are unprecedentedly assigned. However, when NaOH or 

NaOD introduced, these two resonances are completely disappeared (Figure 



3b and Fig, S9, 10), suggesting two different type of hydrogen with proton 

characteristic, likely to be intermediate species from hydride of NaBH4 and 

proton of H2O due to the H- electron transfer from NaBH4 to H2O via SESs. 

These assignments also answer why they are the quartet and triplet splitting 

(Figure 1a) with their own characteristic of topology bond of NaBH4 and H2O, 

indicating the electrons were captured into the unique quantum confinement 

space, here we called it the “pool or sea of electrons”. This is also consistent 

with the observations that the hydrogen resource of 4-AP is originated from the 

water solvent, instead of NaBH4 reducer (Figure 1c and 1d).   

The close examination of 1H spectrum at resonances of 4.3 and -0.3 ppm 

can give more structural information of intermediate species (Figure 3a, 3b and 

3c). Generally, the broad resonance of freely tumbling H2O is assigned to ca. 

4.6 ppm (57), however, here, an upper-field shift narrow peak centered at 4.3 

ppm with high resoluted multiplets is observed probably due to the shielding 

effect as a result of increased electron density between the hydrogen-bonded 

protons in the sea of electrons, especially when deuterated reducing agent 

NaOD and/or NaBD4 used (Figure 3b and 3c), suggests a very short distance 

between protons from H2O/NaOH and those from NaBH4, ∼ 1.8 Å (58, 59). 

The introduction of NaOD/D2O to NaBH4 allows isotopic tumbling of the BH4
− 

ions, which averages out 1H−1H homonuclear dipolar coupling and yields 

narrower resonances with significantly improved resolution, which permits the 

observation of multiplets due to relatively weak J-coupling interactions on the 

order of Hz (57). In the 1H NMR of the NaBH4 + D2O sample, the NaBH4 

resonance first splits into four peaks with a J-coupling spacing of 81 Hz from 

through-bond interactions of 1H and 11B. Then each of the four peaks further 

splits into 2 with a spacing of 27 Hz (Figure 1a and 1b, in green shadow), 

which is due to the J-coupling between protons from H2O and NaBH4 via 

hydrogen bonds. The relatively large J-coupling interactions of 81 Hz between 

H2O and NaBH4 further suggests a short interaction distance between water 

(or NaOH) and NaBH4 in H3B-water-hydroxyl complex with a dynamic 

triangular configuration (as illustrated in the cartoons of Figure 3 and Scheme 

1b), which shows an ultrafast dynamic behavior with a rapid  switching 

between B-O and O-O chemical bonds in triangular configurations, like 

2-norbornyl cation (One of the most famous carbonium cations) with 

non-classical structure featured with well delocalized bonding interactions 

(three-center, two-electron (3c-2e) bond among C1, C2 and C6 atoms) (60, 

61). 

The precise composition of this unique complex also can be deduced based 

on the area integral of 1H spectrum of NaBH4 + D2O sample at resonances of 

4.3, 3.43, 1.02 ppm in a ratio of 3.5: 0.8: 1.2 (Figure 3a), which accounts for 

one of water dimer, one quasi-hydride from NaBH4 and one of quasi-proton 

from water. The presence of quasi-hydride and proton is attributed to the key 

step H- electron transfer for 4-NP reduction. In addition, the sum of area 



integral of these two quasi- hydrogen atoms (3.08+4.43 =7.51) is in surprising 

consistence with the total area of multiplets centered at -0.31 (with a J spacing 

of 27 Hz, 1.00+1.18+1.14+0.98+1.21+1.07+1.03 = 7.51), indicating the fate of 

multi-peaks splitting due to the J-coupling between protons from H2O and 

NaBH4 via hydrogen bonds (Figure 3a). This structure is further confirmed by 

the addition of NaOD in figure 3b: two new quartet splitting peaks are easily 

distinguished, which are located on both sides of the center of NaBH4 quartet 

peak at -0.3 ppm. The formation of these quartet splitting peaks are attributed 

to a strong J-coupling interactions via through-bond interactions of 1H and 
16OH2 and 1H and 2DO- in the H3B-water-hydroxyl complex, respectively. Finally, 
1H NMR of NaBH4 + H2O + 4-NP sample in Figure 3d during the hydride 

reduction captures the intermediate hydroxylamine specie with typical doublet 

resonances at 7.85 and 7.81 ppm, indicating the hydride reduction of 4-NP is 

via the direct hydroxylamine route, instead of indirect condensation route of 

azoxy compounds (7, 16, 24).  

Conclusions 

The results of optical and 1H NMR spectroscopies together with the 

reaction kinetic data and isotope labeling experiment of NaBD4 and D2O 

evidence that the catalytic hydride reduction of 4-NP on metal NPs surface 

follows a completely new reaction pathway, i.e., the surface electronic states 

(SESs) dependent proton transfer dynamics (Scheme 1b). BH4
− is 

electrostatically interacts with metal NPs and reacts with pre-adsorbed 

structural water molecules (H2O∙OH-) to form a triangular configuration 

complex of H3B-water-hydroxyl by spatial overlapping of p orbitals of B and O 

atoms in Van der Waals radius, which induces the formation of dynamic SESs. 

Importantly note that, the fabrication of SESs is not only limited to B and O, but 

also it can also be extended to other heteroatoms, such as C, N, S, P etc. 

These unique SESs provide an alternative reaction channel for H− electron 

transfer to metal surface bound water molecules and activated, which provides 

proton to react with metal surface bound 4-NP to form the final product of 4-AP. 

Herein, because the O atoms from the nitro group in 4-NP involve the 

formation of SESs with activated water, nitrogen atom from the nitro group in a 

favourable position is first attacked by activated proton, thus following the 

principle of ‘first come, first served’, the proton from water molecule is a 

hydrogen source for the final product of 4-AP. Finally, the formed OH groups 

are bound to metal surface, which would further react with boron species, 

leading to the formation of surface bound borate; the surface bound borate 

would slowly dissolve into solution, and the catalytic active sites are 

regenerated. This study helps to distinguish various mechanisms proposed in 

the literature regarding catalytic hydride reduction of –NO2 to –NH2, and the 

resulting experimental evidence supports the water-channel mediated 

concerted electron and proton transfer mechanism in the 

[FeFe]-hydrogenases (Scheme 1c) (39-42). The concept of ‘pool or sea of 



elections’ formed by SESs may lead to new design principles beyond the 

conventional metal centered d-band theory of heterogeneous catalysis (49, 

62).  
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Experiment section 

Materials 

(3-aminopropyl) trimethoxysilane (APTMS, 97%) were purchased from Aladdin. 

Cetyltrimethylammonium tosylate (CTATos) was purchased from MERK. Triethanolamine 

(TEAH3), tetraethylorthosilicate (TEOS), sodium hydroxide (NaOH, AR), sodium borohydride 

(NaBH4, AR), hydrochloric acid (HCI, 36%~38%), ethanol (EtOH, AR) and silver nitrate (AgNO3, 

AR), Chloroplatinic acid (H2PtCl6, 37wt% Pt) were purchased from Sinopharm Chemical Reagent 

Co., Ltd. Potassium tetrachloroplatinate (K2PdCl6, 32.6 wt% Pd), Sodium borodeuteride (NaBD4), 

Deuterium oxide (D2O, 99% D) and Deuterium sodium hydroxide (NaOD). were achieved from 

Shanghai Macklin Biochemical. 

Techniques 

The X-ray diffraction (XRD) patterns were required using a Rigaku Ultima Discover X-Ray 

Diffractometer at a wavelength of Cu Kα (1.5405 Å). TEM analyses were performed by using a 

JEOL 2010F microscope equipped with a field-emission gun and operating at 200 kV. FTIR 

spectra were recorded on a Nicolet FTIR spectrometer (NEXUS 670) by diluting the sample with 

fine KBr powder and pressing into a pellet. Fluorescence was measured by using a FluorMax-4 

fluorimeter (Horiba, Japan). Ultraviolet visible (UV–vis) spectroscopy was conducted with a 

Shimadzu UV-2700 UV–vis spectrophotometer and the BaSO4 was used as reference. 

Fluorescence was measured by using a RF-6000 fluorimeter. 1H NMR spectra were recorded on 

Bruker 400 MHz Spectrometer and Bruker 300 MHz Spectrometer at 298 K. 

Synthesis of dendritic mesoporous silica nanospheres (DMSNs) supports 

DMSNs were synthesized according to the literature report(1). The DMSNs were treated by 

HCl and then functionalized by aminopropyl before grafting metal nanoparticles. In a typical 

process, 2 g of DMSNs, 3.36 mL of 1 M HCl and 80 mL of EtOH were added into a round-bottom 

flask, the mixture was refluxed with stirring at 60 °C for 1 h. The solid was dried at 80°C after 

filtered. Then, 1.5 g of HCl washed DMSNs, 2.61 g of APTMS and 60 mL EtOH were introduced 

into a round-bottom flask and maintained at 80°C for 12 h in an oil bath with stirring under reflux 

condition. The solution was filtered and the solid was dried at 80°C. 

Synthesis of mesoporous silica nanopaticles loaded with different metal NPs 

In a 200 mL beaker, 1g of amino-functionalized DMSNs was suspended in 80 mL alcohol, 

subsequently add 13.27 mL of 7.72 mM H2PtCl6·6H2O aqueous or 10 mL of 18.8 mM K2PdCl6 

solution. After being stirred at room temperature for 12 h in dark, excess of NaBH4 was added at 

once. The obtained product was filtered and washed repeatedly with deionized H2O and dried 

overnight at 80°C. The products were denoted as Pt@DMSNs, Pd@DMSNs respectively. In a 200 

mL beaker, 1g of amino-functionalized DMSNs was suspended in 100 mL H2O and treated by 

ultrasound for 30 minutes, and subsequently 3.7 mL of 50 mM AgNO3 solution was added. After 

being stirred at room temperature for 3 h in dark, excess of NaBH4 was added at once. Then the 

mixture was stirred unceasingly for 30 min. The obtained product was filtered and washed 

repeatedly with deionized H2O and dried overnight at 80°C. The products were denoted as 

Ag@DMSNs. Ag+@DMSNs was obtained without NaBH4 reduction. Ag-OH@DMSNs were 

prepared as according to the above method, except that after adding excess NaBH4 and stirring 30 
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min, 10 mL of 1 M NaOH was added and stirred for 30 min. The other products which contain 

different concentrations of NaOH (0.01 M, 0.1 M, 2 M) were synthesized (2). 

Synthesis of Ag loaded zeolite (Ag@LTA) 

The silver loaded zeolite Ag-LTA(Na) was prepared by suspending 1 g zeolite materia 

(Na-LTA, Si/Al = 1~2) in 500 mL of a silver nitrate aqueous solution, the suspension was then 

agitated for 2 hours in the dark. The powder was recovered by filtration using a Büchner filter and 

washed several times with milliQ water. Then the sample was calcined at 80°C (5°C min-1) (3). 

After heat treatment the sample was cooled under ambient conditions, allowing the sample to 

reach a fully hydrated state, and stored in the dark for further analysis. 

Reduction of 4-Nitrophenol 

Aqueous solutions of H2O (2.5 mL), 4-NP (0.2 mL, 2.5 mM) and NaBH4 (0.4 mL, 250 mM) 

were added into a quartz cuvette under stirring. Subsequently, a certain amount (30 μL) of aqueous 

solution of catalyst (5 mg/mL) was added. As the reaction progressed, the bright yellow solution 

gradually faded. The reaction was scanned by UV-vis spectrum repeatedly from 500 nm to 250 

nm over the whole course to record the changes. To test the effect of hydroxide content on the 

reaction activity, 2.5 mL of NaOH (0.01 M, 0.1 M, 1 M, 2 M) was added instead of 2.5 mL H2O. 

In the deuterium isotopic experiments, the reduction was conducted under the same conditions 

except for the use of NaBD4 and/or D2O. To test the reaction kinetics in different kinds of solvents, 

the reduction was also conducted in ethanol, and acetonitrile, respectively. 

Large Scale Reduction of 4-NP.  

To obtain more reduction products of 4-AP for spectroscopic measurements, large scale 

synthesis was carried out according to the literature(4). First, 12 mg of 4-NP was dissolved in 4 

mL of H2O under magnetic stirring in the tube, followed by addition of a 1 mL 5 mg/mL catalysts. 

Then, 24.0 mg of NaBH4 was dissolved in 1 mL of H2O and the solution was immediately added 

into the tube. After stirring for about 10 min, the color of the mixture became colorless. The 

complete reduction was confirmed by UV−vis absorption spectroscopic measurement, in which 

the peak of 4-NP at about 400 nm disappeared. Afterward, the mixture was extracted with ethyl 

acetate three times and the products in the organic phase were collected and dried over anhydrous 

sodium sulfate (NaSO4). Finally, the reduction products were obtained after evaporating the 

solvent under reduced pressure. 
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Experiment results 

 
Figure S1. (a) Schematic illustration of the synthesis procedure of Pt, Pd and Ag NPs supported 

DMSNs catalysts. TEM image of Pt@DMSNs (b), Pd@DMSNs (c) and Ag@DMSNs (d). The 

inset is the particle size distribution. The average diameter for Pt, Pd and Ag NPs is about 2.0, 

1.7 and 4.1 nm, respectively. 

 

 

Figure S2. XPS spectra of Pt (a), Pd (b) and Ag (c) NPs supported DMSNs catalysts. XPS spectra 

of Ag+@DMSNs catalyst without the last step of metal reduction and Ag-OH@DMSNs with OH- 

pre-adsorbed (d).  

Table S1. Surface compositions of catalysts determined by XPS. 
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Sample 
Pt component (%) Pt position (eV) 

Pt0 Pt4+ Pt0 Pt4+ 

Pt@DMSNs 65.2 34.8 71.2 73.2 
 

Pd component (%) Pd position (eV) 

Pd0 Pd4+ Pd0 Pd4+ 

Pd@DMSNs 73.3 26.7 335.4 337.5 
 

Ag component (%) Ag position (eV) 

Ag0 Ag+ Ag0 Ag+ 

Ag@DMSNs 92.6 7.4 368.5 367.9 

Ag+@DMSNs 17.2 82.8 368.4 367.8 

Ag-OH@DMSNs 36.3 63.7 368.5 367.9 

 

Table S2 Comparison of recent reports on Ag-based catalysts catalyzed reduction of 4-NP by 

NaBH4. 

Catalyst Catalyst used (mg) Ka (10-3 s-1) K/Mb (s-1
 

g-1) Ref. 

Ag–Fe2O3 2.00 4.90 2.45 (5) 

Fe3O4@SiO2–Ag 1.00 7.67 7.67 (6) 

Ag@hm-SiO2 2.00 18.00 9.00 (7) 

AgNPs/PD/PANFP 0.14 2.28 16.31 (8) 

SiO2@Ag-2 0.50 9.32 18.64 (9) 

Ag2.4%Ni@SBA-16C 0.40 37.90 94.80 (10) 

Pt@Ag NPs 0.05 5.92 118.40 (11) 

2.0%Ag-OH-@DMSNs 0.15 21.17 141.13 (2) 

Ag-OMS-C 0.20 30.00 150.00 (12) 

Ag@LTA 0.15 22.67 151.13 this work 

a The reaction rate constant.  

b The reaction rate constant per total weight of used catalyst.  

 

 
Figure S3. Plot of ln(Ct/C0) against the reaction time of the reduction of 4-NP (a) and XRD 

patterns (b) of different content of OH- was introduced into Ag@DMSNs. 
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Figure S4. FTIR spectrum of commercial 4-NP. 

 

 

 

Figure S5. FTIR spectrum of commercial 4-AP. 

 

 

 

Figure S6. UV-vis absorption spectra of Ag@DMSNs reduction of 4-NP using NaBH4 in ethanol. 
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Figure S7. 1H NMR spectrum of NaBH4 and D2O. 

 

 

Figure S8. 1H NMR spectrum of NaBD4 and D2O. 
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Figure S9. 1H NMR spectrum of NaBH4 and NaOD. 

 

 

Figure S10. 1H NMR spectrum of NaBD4 and NaOH. 
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Figure S11. 1H NMR spectrum of the reduction product using NaBH4 and D2O in the middle of 

the reaction. 

 

 

Figure S12. 1H NMR spectrum of the reduction product using NaBH4 and D2O after the reaction. 
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Figure S13. 1H NMR spectrum of the reduction product using NaBD4 and D2O in the middle of 

the reaction. 

 

 

Figure S14. 1H NMR spectrum of the reduction product using NaBD4 and D2O after the reaction. 
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