Interfacial hydroxyl promotes the reduction of 4-Nitrophenol by Ag-based catalysts
confined in dendritic mesoporous silica nanospheres
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Abstract:

It has been widely accepted that decreasing the pH value could enhance the reactivity
of 4-Nitrophenol (4-NP) reduction accompanied with the pillage of Hz, but excess
hydrogen generation is wasteful and easy to lead to safety problems. Herein, we show
that, contrast to previously reported results, interfacial adsorbed hydroxyl significantly
promotes reduction of 4-NP using Ag-based nanoparticles (NPs) confined in dendritic
mesoporous silica nanospheres (Ag@DMSNs) as a model catalyst at medium
concentration of sodium hydroxide (NaOH). We provide strong evidences that adsorptive
4-NP and hydroxyl could spatially interact to form an intermediate state through p-p
overlapping of O atoms at nanoscale interface of Ag NPs, which leads to electron
redistribution and accelerates N=0O bonds cleavage, and consequently accelerates the
reduction of 4-NP. The findings of this work demonstrate that improving the catalytic
performance can be holistically achieved through manipulating the weak interactions
between reactant and enthetic species on the molecule level.

Introduction:

4-Aminophenol (4-AP), the reduction product of 4-NP, is a potent intermediate for the
manufacture of pharmaceuticals and dyes.! However, without the catalyst, the
hydrogenation of 4-NP to 4-AP by NaBHy, is kinetically restricted due to kinetic barriers
resulting from the large potential difference between 4-NP and BH4.2 In recent years,
noble metal nanoparticles (MNPs) have been discovered to exhibit high catalytic activity
for selective reduction of 4-NP in the presence of NaBH, such as Ag NPs,® Au NPs,* Pd
NPs,> and Pt NPs.® Among these MNPs catalysts, Ag-based catalysts are distinctive
(easy preparation, relatively low cost, less toxicity, high activity and good stability) and
have been extensively utilized for 4-NP reduction.” However, it should be noted that MNPs
catalysts are susceptible to suffer from aggregating due to the Van der Waals forces and
high surface free energy.® For 4-NP reduction on Ag-based catalysts, the formation of
large metal particles largely affects the catalytic activity and reusable performance.
Accordingly, silver nanoparticles anchored through organic (such as polymers and DNA)®
or inorganic (such as glasses, metal oxides and zeolites)!° templates have been proposed
to address the above issues. Among them, dendritic mesoporous silica nanospheres



(DMSNSs) composed of cage-like spherical nanopores have been confirmed as a unique
confinement matrix for the encapsulation of MNPs and enable their application in
catalysis.'

The catalytic performance of MNPs catalysts strongly depends on their microstructure
(catalyst composition, exposed crystal face, defect sits, adsorbed species, etc.) and
reaction microenvironment (pressure, solvent, pH etc.). Although the reduction of 4-NP is
intensively studied as a model reaction, the reaction mechanism is not yet fully
comprehended. It is widely accepted that the reduction of 4-NP follows a multistep
reduction process and the 4-hydroxylaminophenol (Hx) is a relative stable intermediate,’®
12 as shown in Scheme 1. Noting that the pH value could dramatically influence the
reaction process (reduced by borohydride or molecular hydrogen), even change the
reaction order.*® Generally, at low pH, 4-NP is reduced by activated molecular hydrogen
which gives a relative high reactivity. However, this may lead to a large amount of
hydrogen overflow which was uneconomic and may cause safety problem. At high pH, the
hydrolysis of NaBH4 was largely inhibited and 4-NP was reduced by borohydride (BH4),
which was moderate but generally with a relative low reactivity.
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Scheme 1. Scheme illustration of 4-NP reduction following a multistep reduction process
(with rate constant k3) by adsorbed atomic hydrogen formed on Ag NPs surface using
borohydride (with rate constant ki) and molecular hydrogen (with rate constant k),
respectively.4

Herein, we present a comprehensive survey of 4-NP reduction over Ag NPs confined
in DMSNs via adjusting the surface microenvironment of catalyst. The experimental
results demonstrated that these as-obtained Ag@DMSNs nanocomposites exhibit
excellent catalytic activity for reduction of 4-NP to 4-AP under proper alkaline condition.
The extraordinary activity can be explained using a mechanism involving adsorptive 4-NP
and hydroxyl as the intermediate state through space interaction, while 4-NP reduction is
catalyzed by the broken of N=0O bonds on the Ag NPs surfaces with the intermediate state
as promoter. This allows us to provide some new insights into fundamental issues
concerning the molecular mechanism of heterogeneous catalytic reaction at nanoscale
interfaces.

Results and discussion:

Ag-based catalysts (Ag@DMSNs) were fabricated through in-situ nanocrystal
seeding-induced-growth (SIG) strategy using dendritic mesoporous silica nanospheres



(DMSNSs) as a distinctive confinement matrix wherein the highly dispersed Ag NPs with
narrow particle size distribution were obtained with the confinement effect of nanopores
about 3 nm nested in the dendritic channels (Figure 1, a and b, synthetic details in SI).
High-angle annular dark field scanning TEM (HAADF-STEM) (Figure 1c) and
STEM-energy dispersive X-ray (EDX) elemental mappings (Figure 1c) further confirmed
that Ag NPs were encapsulated into the pores of DMSNSs. All of these results demonstrate
that the ultra-small Ag NPs are successfully embedded in DMSNSs.
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Figure 1. (a) Schematic illustration of the synthesis procedure of Ag@DMSNSs. Bright-field
TEM (b) and High-resolution HAADF-STEM (c) of 2.0%Ag@DMSNs and corresponding
STEM EDX mappings: Si (Yellow), O (Red) and Ag (Blue), respectively.

To evaluate the size effect of Ag NPs on catalytic performance, Ag@DMSNs with
different loading amounts of Ag were presented. The diffraction patterns are depicted in
Figure Sla, which assigned to typical cubic phase Ag reflection peaks (JCPDS card
no.04-0783) and the particle size of Ag NPs gradually increased with the increment of Ag
loading amounts. The Ag NPs with size larger than 5.0 nm will be found on the external
surface of DMSNs when the loading of Ag exceeding 5% (Figure Sl1a and Figure S2). The
catalytic activity of Ag@DMSNSs is size-dependent and exhibits volcano-like curve, in
which the sample with the moderate loading amount (2.0%) showed the highest activity
(Figure S1b).'®> Therefore, 2.0% was the best Ag loading amount and applied for further
investigation.

Four typical Ag-based catalysts with same loading amount of Ag were designed,
denoted as 2.0%Ag*@DMSNs, 2.0%Ag.:0O@DMSNs, 2.0%Ag@DMSNs and
2.0%Ag-OH @DMSNs (alkali treated), respectively. Without alkali treatment,
2.0%Ag*@DMSNs exhibit the best catalytic activity (Figure 2a). The UV-vis spectra were



presented in Figure 2b. No distinct surface plasmon resonance (LSPR) absorption peak
for 2.0%Ag*@DMSNs was observed, which conclude that no large Ag NPs formed
without reductant (NaBH.). XPS spectra show that 17.2% Ag° was detected in
2.0%Ag*@DMSNs which account for the excellent catalytic performance (table S1).
2.0%Ag:0@DMSNs showed a wider characteristic peak at ~442 nm indicating the
formation of Ag.0.'6 2.0%Ag@DMSNs and 2.0%Ag-OH @DMSNs exhibit the same
absorption peaks at approximately 410nm (LSPR absorption), indicating identical size of
Ag NPs for these two catalysts which was further verified by XRD results (Figure S3).17 It
is worth noting that the catalytic activity of Ag NPs dramatically improved after alkali
treatment, surpassing most of previously reported Ag-based nanocatalysts (table S2). As
shown in Figure 2a, the reaction rate of Ag NPs significantly increased from 0.55 min!
(2.0%Ag@DMSNSs) to 1.27 mint (2.0%Ag-OH @DMSNSs) after alkali treatment, and even
much faster than that of 2.0%Ag*@DMSNSs. To check the surface composition and the
valance state of the Ag nanocatalysts before and after alkali treatment, XPS was carried
out (Figure 2, ¢ and d). The Ag 3d spectra of 2.0%Ag@DMSNs and
2.0%Ag-OH- @DMSNSs are fitted with two components accordant with the Ag® and Ag*
peaks. To our surprise, the proportion of Ag* component was increased from 7.5%
(2.0%Ag@DMSNs: 0.55 min?) to 63.7% (2.0%Ag-OH @DMSNs: 1.27 min?), which is
close to the content (82.8 %) of Ag* in the sample of 2.0%Ag*@DMSNSs,'8 and the fitting
results were summarized in table S1. Obviously, the valence of Ag particles affects the
rate of reduction reaction, but that is not the decisive factor. To our surprise, the
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Figure 2. The catalytic activity (a) and UV-vis absorption spectra (b) of different Ag-based
catalysts with same loading amount of Ag. Ag 3d XPS spectra of 2.0%Ag@DMSNSs (c)
and 2.0%Ag-OH @DMSNSs (d).



preparation method of parent catalysts, especially the pre-adsorption of OH™ on the Ag
NPs and the amount of adsorption ultimately determine its catalytic performance (Figure
S5).

Generally, the reduction rate of 4-NP to 4-AP sharply decreases in solution at high
alkalinity, which is mainly attributed to the lower hydrolysis rate of NaBH4 (H2-driven
reductions, Scheme 1).13" 1% However, in our case, the catalytic activity was significantly
enhanced for the 2.0%Ag-OH-@DMSNs as discussed above, indicating a main contribution
from the hydroxyl in boosting up the conversion of 4-NP. To further verify the role of
hydroxyl toward 4-NP reduction, sodium hydroxide (NaOH) solution with varied
concentration is introduced to reaction system to investigate the relationship between
catalytic activity and alkalinity. Unexpectedly, the reaction rate the parent catalysts of
2.0%Ag-OH @DMSNSs with highest catalytic activity decreased with the increase of NaOH
concentration (Figure 3d), and the same trend is found for catalyst of 2.0%Ag.O@DMSNs
(Figure 3c). This indicates that excessive addition of OH" will retard the reaction, probably
due to the quenching of NaBH4 hydrolysis. On the contrary, with the increase of OH-
concentration, for other two catalysts of 2.0%Ag+@DMSNs and 2.0%Ag@DMSNs, the
reaction rate first slightly reduces, and then raises up to maximum value, and finally
reduce again (Figure 3, a and b), implying that moderate alkalinity (1M NaOH) is
conductive to superior catalytic activity for Ag@DMSNs nanocomposites. Since the strong
coordination interaction between OH- ligands and surface coordinatively unsaturated Ag
atoms, during the catalytic reaction, the OH" ligand can be readily adsorbed onto the
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Figure 3. Plots of In(C/Co) against the reaction time of the reduction of 4-NP over
2.0%Ag*@DMSNs (a), 2.0%Ag@DMSNs (b), 2.0%Ag0O@DMSNs (c) and
2.0%Ag-OH @DMSNSs (d) with different concentrations of sodium hydroxide as solvent
instead of water.
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surface of Ag NPs. Indeed, the same catalyst as parent 2.0%Ag-OH-@DMSNSs is formed.
Obviously, the new formed interface states or species triggered by the adsorption of OH-
anions with proper amount promote the reaction rate.
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Figure 4. Proposed mechanism for the 4-NP reduction by NaBH4 in the presence of a
2.0%Ag-OH @DMSNSs catalyst.

To provide an insight behind the outstanding catalytic activity generated by the Ag NPs
embedded in the DMSNs support with presence of interfacial hydroxyl, a coherent
catalytic mechanism is suggested as shown in Figure 4. In this model, the presence of
hydroxyl facilitates strong H-bond interactions between the water and hydroxyl, forming a
new hydrated hydroxide intermediate [Ag*-(OHH20)(H20)n1] (in red circle).?° The
resulting hydrated hydroxide complexes are weakly adsorbed onto the metal core surface
due to the coordination effect between O and coordinatively unsaturated Ag atoms.
Recently, these intermediate states were captured by steady and ultra-fast transient
absorption spectrum, which is formed through space interaction of p orbitals of paired O
atoms in the hydrated hydroxide complexes; and upon the photoexcitation, the bright
tunable photoluminescence (PL) emissions were observed with character of wm—>m*
transition. 292.20¢. 21 The absorption and emission feature confirms the presence of these
intermediate states when hydroxyl groups are present (Figure 5, a and b, blue line).
During the catalytic conversion of 4-NP to 4-AP, both reactants 4-NP and BHj4 first
migrated to the pores and then were adsorbed around the active Ag nanocatalysts
according to the Langmuir-Hinshelwood approach.?? Simultaneously, the adjacent O
atoms between 4-NP and hydroxyl locally interact with each other which was compete
with the preformed hydrated hydroxide intermediate to form new intermediate state
[Ag*-(OH-4-NP)(H20)n.1] by the overlapping of p-orbitals with high-energy lone-pair
electrons. The structural discrepancy of two intermediate states implies the change of
interaction strength between two O---O atoms and determines the overlapping degree of
two p orbitals of O atoms, as evidenced by the excitation and photoemission spectra
(Figure 5, a and b, green line). Upon the addition of 4-NP reactant, the excitation at ca.
300 nm and emission at ca. 500 nm was significantly intensified. In the new formed



intermediate state [Ag*-(OH-4-NP)(H20)n1], electrons are largely delocalized between
nitro and hydroxyl due to the overlapping of p-orbitals between N and O atoms. The
electron communication between nitro and hydroxyl could form a new molecular energy
level and lower the bond energy of N=0O (or the activation of N=O bond) which is beneficial
to promote the breaking of N=O bond in 4-NP molecule to proceed the hydrogenation
reaction. We believe that the Ag nanoparticles are not only useful for adsorbing reactants,
but can also stabilize the intermediate states structure by weak interactions (ion-dipole
interaction).?3

To convince the switch between these two presented intermediate states, the
photoluminescence spectra (PL) were elaborately analyzed. As shown in Figure 5a and
5b, no obvious PL signal was observed for catalysts without interfacial hydroxyl (black and
red line). However, when these non-luminescent Ag@DMSNs nanocomposites were
dispersed into the mixed H>O/NaOH or 4-NP/NaOH solution, distinct luminescence
properties were observed (blue and green line). Intriguingly, the variation of relative
intensity between the excitation peaks at ~290, 330nm were observed which implying the
switch of intermediate state from [Ag*-(OH~ H20)(H20)n-1] to [Ag*-(OH4-NP)(H20).1]. For
the Ag@DMSNs nanocomposites containing interfacial hydroxyl (2.0%Ag20@DMSNs
and 2.0%Ag-OH @DMSNSs), similar PL properties were observed (Figure 5, ¢ and d),
which further evidenced the important role of hydroxyl. In a word, the luminescence
properties are highly dependent on the presence of interfacial hydroxyl on the confined
nanointerface of Ag NPs, which could interact with adsorbed reactants to form an
intermediate state and change the reaction route and reduce the activation energy (Ea) as
schemed in Figure 4, finally, enhance reduction reactivity of 4-NP.
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Figure 5. Excitation (dot line) and emission spectra (solid line) of 2.0%Ag*@DMSNSs (a),
2.0%Ag@DMSNSs (b), 2.0%Ag20@DMSNSs (c), 2.0%Ag-OH @DMSNSs (d).



Conclusions:

In summary, we have provided incontrovertible evidence that hydroxyl introduced to the
reaction system could enhance the catalytic activity toward the reduction of 4-NP by
NaBH4. A new intermediate state, resulting from the strong overlapping of p orbitals
between 4-NP and hydroxyl through space interactions, is identified as a promoter to
activate the N=O bond. The proposed intermediate state model clearly answers the
excellent catalytic activity on the 4-NP reduction which was further evidenced by the PL
spectra. This hydroxyl promoted hydrogenation could largely improve the hydrogen
utilization and this significant conceptual advance provides completely new mechanic
insights for the understanding of selective hydrogenation reactions and is guide to design
to new heterogeneous catalysts by molecularly manipulating the surface
microenvironment at the nanoscale interface.?*
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