Open Access Article. Published on 15 April 2025. Downloaded on 4/15/2026 10:21:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

: L OYAL SOCIETY
ggzrr?c!(e:al ap OF CHEMISTRY

EDGE ARTICLE View Article Online

View Journal | View Issue

W) Checkfor updates Electrochemical hydrogenative coupling of
hitrobenzene into azobenzene over a mesoporous
palladium-sulfur cathodef

Cite this: Chem. Sci., 2025, 16, 9186

8 All publication charges for this article
have been paid for by the Royal Society ) ) ) . ) %
of Chemistry Jie Xiao, Yanzhi Wang, Bo Xiao™ and Ben Liu®

Azobenzene (AZO) and its derivatives are of great importance in the dyestuff and pharmaceutical industries;
however, their sustainable synthesis is much slower than expected due to the lack of high-performance
catalysts. In this work, we report a robust yet highly efficient catalyst of PdS mesoporous nanospheres
(MNSs) with confined mesostructures and binary elemental composition that achieved sustainable
electrosynthesis of value-added AZO by selective hydrogenative coupling of nitrobenzene (NB)
feedstocks in H,O under ambient conditions. Using a renewable electricity source and H,O, binary PdS
MNSs exhibited a remarkable NB conversion of 95.4%, impressive AZO selectivity of 93.4%, and good
cycling stability in selective NB hydrogenation reaction (NBHR) electrocatalysis. Detailed mechanism
studies revealed that the confined mesoporous microenvironment of PdS MNSs facilitated the
hydrogenative coupling of key intermediates (nitrosobenzene and phenylhydroxylamine) into AZO and/
or azoxybenzene (AOB), while their electron-deficient S sites stabilized the Pd-spillovered active H* and
inhibited the over-hydrogenation of AZO/AOB into AN. By coupling with the anodic methanol oxidation
reaction (MOR), the (—)NBHR|MOR(+) two-electrode system exhibits much better NB-to-AZO
performance in a sustainable and energy-efficient manner. This work thus paves the way for designing
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Introduction
Reported routes for AZO synthesis from NB

Azobenzene (AZO) and its derivatives are important organic Route I:Thermochemical reduction of NB

chemicals, which have been widely utilized as building blocks NO2

in the dyestuff and pharmaceutical industries, as well as in the H, / NaBH, / NoHg-H,0 N—@
photonics field, because of the excellent optical and photo- QN

chromic properties of the N=N/N=N-O moieties.”® Selective @ High pressure @ Expensive @ Low selectivity
hydrogenation of nitrobenzene (NB) feedstocks has been —  -ooooooooo

extensively used to synthesize AZO and its derivatives. Of the Route II: Photocatalytic coupling of NB
various routes available, the thermochemical reduction of NB is NO2
recognized as the most popular route for the industry-scale H, / Organic solvent l,I\J‘@
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safety risks and environmental concerns. Alternatively, photo- New route for AZO electrosynthesis from NB

catalytic coupling of NB has been investigated to produce AZO NO>

and its derivatives by direct or transfer hydrogenation H,0 / Renewable electricity //N-Q
routes.””® Unfortunately, the selectivity depends strongly on Designed Electrocatalyst @N

the irradiation  wavelengths = and  photocatalysts  used, v¢ H,0 as H* source J¢ Controlled synthesis by electricity
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remarkably restricting their wide practical application (Fig. 1).
Therefore, it is of great importance to develop a sustainable
route for selective and efficient AZO synthesis from NB hydro-
genation under mild conditions.

Recently, electrochemical transformation in H,O has been
proposed as a green and appealing route in synthetic chemistry
for the electrosynthesis of valued-added chemicals."”* In
contrast to other methods, H,O as a sustainable hydrogen
source can be electrochemically reduced into active H*, which
can further participate in chemical hydrogenation reactions to
produce a variety of products.**** However, the chemisorption
of active H* heavily depends on the electrocatalyst materials
used, which determine the product selectivity of the route,
especially considering the competitive hydrogen evolution
reaction (HER) at the cathode.?®** In the past five years, some
important electrocatalysts have been designed to engineer
active H* and exhibit promising performance in electro-
chemical alkene semi-hydrogenation and CO, reductions.***>°
Despite some impressive progress, the achievements in elec-
trochemical NB hydrogenation reaction (NBHR) for selective
AZO electrosynthesis by engineering active H* in H,O are still in
their infancy.**** This is likely because of the complicated
multi-electron synthesis of thermodynamically unfavorable
nitrosobenzene and phenylhydroxylamine intermediates as well
as their further hydrogenative coupling, in which undesired
electrocatalysts enable thermodynamically favorable aniline
(AN) electrosynthesis (Fig. S1t).>*”

In this work, we report that the synergy of a mesoporous
structure and Pd-nonmetal alloy efficiently promotes sustain-
able AZO electrosynthesis from NB in H,O under ambient
conditions, without the over-hydrogenation of AZO into ther-
modynamically favorable AN. The best PdS mesoporous nano-
spheres (MNSs) exhibited impressive NB conversion (95.4%),
remarkable AZO selectivity (93.4%), and high cycling selectivity
in selective NB-to-AZO electrocatalysis. We proposed that the
confined mesoporous microenvironment of PdS MNSs opti-
mized the hydrogenative coupling of nitrosobenzene and phe-
nylhydroxylamine intermediates into AZO and/or azoxybenzene
(AOB), while their adjacent S-Pd-S sites stabilized the active H*
and inhibited competitive HER and over-hydrogenation of AZO/
AOB. Moreover, PdS MNSs performed well as bifunctional
electrocatalysts in the two-electrode coupling system, in which
anodic methanol oxidation reaction (MOR) further promoted
cathodic NB-to-AZO electrocatalysis, further demonstrating the
sustainable electrosynthesis of AZO in an energy-efficient
manner.

Results and discussion

Electrochemical NBHR studies were performed at room
temperature (25 °C) in 1.5 mM NB with 1.0 M KOH as the
electrolyte and dimethylsulfoxide (DMSO) as the co-solvent.
Three products, including AZO, AOB, and AN, were evaluated
here by high-performance liquid chromatography (HPLC) and
"H nuclear magnetic resonance (NMR) for selective NBHR
electrocatalysis (Fig. 2a and S2-S47). Linear sweep voltammetry
(LSV) curves were first recorded in 1.0 M KOH with and without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NB (Fig. S51). In comparison to the one collected without NB,
the LSV curve of PdS MNSs increased remarkably in the pres-
ence of NB, suggesting the promotion of favorable NBHR and
the inhibition of competitive HER at the cathode. Further, the
long-term chronoamperometry test was performed to investi-
gate the selectivity and conversion of NBHR electrocatalysis in
the potential range of —0.7 to —1.0 V (vs. Ag/AgCl) (Fig. 2b). At
the higher potential (—0.7 V), 20.2% of NB was converted with
electrocatalysis by PdS MNSs for 6 h. Meanwhile, all three
products were monitored, and 33.7% AZO, 45.3% AOB, and
21.0% AN were recorded. Interestingly, with the increase in the
potential, both NB conversion and AZO selectivity gradually
increased and reached the best values at the potential of —0.9 V.
Specifically, PAS MNSs exhibited the best NB conversion of
95.4% and the remarkable AZO selectivity of 93.4% with the
reaction time of 6 h. AZO selectivity was slightly decreased
under the higher potentials (—1.0 V), while NB conversion was
still higher than 95%. Then, we studied the electrochemical
NBHR performance at the potential of —0.9 V under different
reaction times (Fig. 2c). In the initial stage (1 h), 44.5% of NB
was electrochemically hydrogenated with the major product
being AOB (75.8%) and the minor product AZO (22.4%). As the
reaction proceeded, NB conversion gradually increased and
reached 95.4% at 6 h. Meanwhile, the AOB intermediate was
further electroreduced into AZO with a superior selectivity of
93.4%. With longer reaction times (for example 12 h), AOB
cannot be fully electroreduced into AN and retained a high AZO
selectivity of >93%. The results clearly highlighted the high
potential of PdS MNSs as an efficient electrocatalyst for the
selective electrosynthesis of high value-added AZO by electro-
chemical hydrogenative coupling reaction of NB in H,O (as the
hydrogen source).

To further reveal the intrinsic nature of PdS MNSs in selec-
tive NBHR electrocatalysis, some important reference electro-
catalysts were carefully designed and studied for clear
comparisons. First, monometallic Pd MNSs, binary PdS nano-
particles (NPs), and Pd NPs were used for selective NB-to-AZO
electrocatalysis under the same conditions (Fig. 2d and S6-
S117). As expected, the PAS MNSs exhibited the best electro-
chemical NB-to-AZO selectivity at all potentials (from —0.7 to
—1.0 V). In comparison, the Pd MNSs exhibited slightly lower
AZO selectivity at the lower potentials (—1.0 V and —0.95 V),
while PdS NPs exhibited lower AZO selectivity at the higher
potentials (from —0.7 to —0.8 V). Second, four other Pd-
nonmetal MNSs, PdP, PdH, PdB, and PdN, were also studied
for selective NBHR electrocatalysis (Fig. S12-S167). In compar-
ison to PdS MNSs, PdP, PdH, and PdB MNSs exhibited slightly
lower NB conversion (from 80% to 90%) and poorer AZO
selectivity (from 78% to 90%) (Fig. 2e). Binary PAN MNSs
exhibited the lowest NB-to-AZO performance. These results
clearly confirmed that the synergy of the mesoporous structure
and binary PdS composition of the PdS MNSs promoted NBHR
electrocatalysis and facilitated selective AZO electrosynthesis in
H,O under ambient conditions.

PdS MNSs demonstrated not only superior NB-to-AZO
conversion and selectivity but also remarkable catalytic
stability. After being performed for six consecutive cycles, both
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Fig.2 Electrochemical performance. (a) Reaction products of electrochemical NBHR in this work. Electrochemical selectivity and conversion of
NBHR (b) under different potentials (for 6 h) and (c) with different reaction times (at —0.9 V) over PdS MNSs. (d) AZO selectivity of NBHR over PdS
MNSs, Pd MNSs, Pd NPs, and PdS NPs. (e) Electrochemical selectivity and conversion of NBHR over PdS MNSs, PdP MNSs, PdH MNSs, PdB MNSs,
and PdN MNSs. (f) Electrochemical cycling stability of PdS MNSs in NBHR. (g) Electrochemical selectivity and conversion of AZOHR over PdS
MNSs. (h) Electrochemical selectivity and conversion of AOBHR over PdS MNSs.

NB conversion (>90%) and AZO selectivity (90%) were retained
well with a reaction time of 6 h (Fig. 2f). More impressively, the
electrocatalytic performance slightly decreased, after 20 cycles,
indicating high cycling stability of the PdS MNSs in NB-to-AZO
electrocatalysis (Fig. S171). Meanwhile, the mesoporous struc-
ture and PdS composition were maintained perfectly after
NBHR electrocatalysis, further confirming the high stability of
the PdS MNSs (Fig. S181). Then, the catalytic substrate was
changed from NB to AZO. Very interestingly, AZO cannot be
further converted electrochemically into over-hydrogenated AN,
even when the reaction is carried out for 12 h (Fig. 2g). This
clearly suggested the reactive inertness of PdS MNSs for selec-
tive AZO electrocatalysis in H,O. In comparison, AOB as the
substrate was quickly converted electrochemically into AZO
with superior selectivity of ~100% and high conversion of 85%,
further indicating the high reactivity of AOB electrocatalysis for
selective AZO electrosynthesis over PdS MNSs (Fig. 2h).

The physicochemical properties of the binary PdS MNSs were
then characterized and compared to reveal the nature of their
high performance in selective NB-to-AZO electrocatalysis.
Transmission electron microscopy (TEM) and high-angle
annular dark-field scanning TEM (HAADF-STEM) images
showed that the products were highly uniform and homoge-
neous with a nearly spherical morphology (Fig. 3a and S197%).
The size of the PdS MNSs was estimated to be in the range of 35-
55 nm. The high-magnification HAADF-STEM image further

9188 | Chem. Sci., 2025, 16, 9186-9194

disclosed the highly penetrated mesoporous channels that were
radially extended from the center of the MNSs. The average
mesopore size and framework thickness were measured to be
3.7 and 4.2 nm, respectively. The high-resolution TEM image
further showed the mesoporous structure of the PdS MNSs
(Fig. 3b). Meanwhile, two clear lattice fringes with interplanar
distances of 0.24 nm and 0.19 nm were observed, which were
precisely assigned to the (111) and (100) planes of face-centered
cubic (fcc) crystals. In comparison to pure Pd, slightly smaller
lattice distances confirmed that S atoms randomly substituted
Pd atoms and thus formed binary PdS nanocrystals (see X-ray
diffraction (XRD) patterns in Fig. S201). Meanwhile, HAADF-
STEM energy dispersive X-ray (EDX) mapping images also dis-
closed homogeneously dispersed Pd and S in PdS MNSs with
a Pd/S ratio of 88:12 (Fig. 3c). A lack of phase-separated
elemental compositions confirmed that the PdS MNSs were
compositionally alloyed, rather than having other atomic
structures. These physicochemical characterizations clearly
indicated the successful synthesis of PdS MNSs with abundant
mesoporous channels and binary elemental compositions.
The surface electronic structures of the PdS MNSs were then
analyzed by X-ray photoelectron spectroscopy (XPS) and elec-
trochemical CO stripping experiments. High-resolution XPS
spectra revealed that, in comparison to Pd MNSs, all the
binding energies of Pd 3d in the PdS MNSs positively shifted
about 0.35 eV (Fig. 3d), indicating electron-deficient Pd sites

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Physicochemical properties of PdS MNS cathode. (a) HAADF-STEM image, (b) high-resolution TEM image, and (c) HAADF-STEM EDX
mapping images of binary PdS MNSs. Inset in (a): high-magnification HAADF-STEM image. (d) High-resolution XPS Pd 3d spectra and (e)
electrochemical CO stripping curves of PdS MNSs and Pd MNSs. (f) Pd K-edge XANES spectra, (g) FT-EXAFS spectra, and (h) two-dimensional WT

contour plots of PdS MNSs and Pd MNSs (PdO and Pd foils were used
environments of PdS MNSs around mesopores.

(Pd®*) due to the stronger Pd-S binding interactions (see high-
resolution S 2p spectra in Fig. S21%).*® Similar electron-
deficient Pd sites of PdS MNSs were also seen from electro-
chemical CO stripping experiments, where a negative shift of
63 mV was observed when comparing peak potentials of PdS
MNSs and Pd MNSs (Fig. 3e). Moreover, X-ray adsorption near-
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) experiments were conducted and compared
to reveal the electronic structure and coordination environment
of PdS MNSs and Pd MNSs. As shown in Fig. 3f, the absorption
edge positions of PdS and Pd MNSs were located in between
those of Pd and PdO foils, demonstrating the partially oxidized
states of Pd sites in the samples. In comparison to pure Pd
MNSs, in particular, a higher oxidized state of Pd sites was seen

© 2025 The Author(s). Published by the Royal Society of Chemistry

as the counterparts). (i) Proposed electronic structures and coordination

for binary PdS MNSs that was mostly induced by the electron-
rich S (S°7) sites. The Fourier transform EXAFS (FT-EXAFS)
spectra of the PdS MNSs further disclosed the weak peak at
~2.5 A that corresponded to the Pd-Pd coordination structure.
In comparison, a strong peak appeared at ~1.8 A, which was
slightly larger than that at ~1.6 A (Pd-O bonds), further indi-
cating the formation of a binary Pd-S coordination shell
(Fig. 3g).*** Wavelet transform (WT) contour plots also
confirmed the co-existence of major Pd-S bonds and minor Pd-
Pd bonds in the PdS MNSs (Fig. 3h and S22}). These results
clearly highlighted that alloying electron-rich S (S°7) changed
the electronic structure of Pd and thus introduced the forma-
tion of electron-deficient Pd sites (Pd®") through the strong S°~-
Pd®*-S°~ binding interactions in binary PdS MNSs (Fig. 3i). Such

Chem. Sci., 2025, 16, 9186-9194 | 9189
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electronic structures of the PdS MNSs were thus expected to
optimize the chemisorption properties of the intermediates
(especially active H*) and thus enable selective NBHR electro-
catalysis for AZO electrosynthesis with H,O as the H* source.
During NBHR electrocatalysis, controlling the production of
active H* and inducing the subsequent hydrogenative coupling
of nitrosobenzene and phenylhydroxylamine intermediates is of
great importance for selective AOB electrosynthesis from NB in
H,0. We thus designed a series of controlled experiments to
reveal the kinetics of active H* produced from H,O during
NBHR electrocatalysis. First, we conducted cyclic voltammetry
(CV) studies of PdS MNSs in KOH with and without NB (Fig. 4a).
There was a strong peak at 0.53 V in KOH that was assigned to
active hydrogen desorption, indicating the high activity of PdS
MNSs for producing active H* from H,0.* After the addition of
NB, the peak decreased remarkably, suggesting that active H*
produced from H,0 was dramatically consumed for NBHR
electrocatalysis. Then, D,O was used instead of H,O as the
solvent for NBHR electrocatalysis (Fig. S231). Both current
density and onset potential decreased significantly in D,O

View Article Online

Edge Article

compared to H,O. This was attributed to the stronger and stable
D-O bonds in D,0O, which make the oxidative cleavage of D,O
into active D*¥ more difficult (in comparison to H*).***** The
cations of the base electrode are discussed in the context of the
selective NB-to-AZO electrocatalysis (Fig. S241). As summarized
in Fig. 4b, the highest NB conversion and AZO selectivity were
achieved in the presence of KOH, and a trend of KOH > NaOH >
LiOH was followed. This originated from a smaller hydrated K"
(K'(H,0),) that favored the formation of a hybrid network of
S°~-K'(H,0); on the surface of the PdS MNSs.* Such a network
optimized the oxidative cleavage of H,O for the formation of
active H* and thus facilitated selective NB-to-AZO electro-
catalysis. The results further highlighted the critical role of
active H* produced from H,O on PdS MNSs in the electro-
catalytic hydrogenative coupling of NB into value-added AZO.
More mechanistic studies were focused on the effect of
alloyed electron-rich S sites (S‘S’) in promoting selective NB-to-
AZO electrocatalysis over PdS MNSs. First, we compared the
amounts of active H* produced during NBHR electrocatalysis
over PdS and Pd MNSs using a coulometric stripping

(a)o 04 (b) BN AN 0 AcB [N AZO (c)  pdmnss
' H* 100 100 024 . ——PdS MNSs
0.024 s g i
< > 751 L75 g
€ 3 s B Reduction Oxidation
£ 0.00 s = ¢ 014
E 9 50 F50 $ £
H KT £ 35
8] 3 8 (8]
— e
0.0
-0.04 . ; 0 0 . .
12 08 04 0.0 : 58 60 62
(d) Potential (V vs. Ag/AgCI) KOH NaOH LiOH Time (s)
EEAN I AOB| [EAZO (e) 0
100 PASMNSs PAINSs| 400 O-H N-H N=NN=0 NO,
5 z f
g 751 75 ‘g’ o 1 = l
. 50 £ : N
[}
% s S
H,0
o KOH KOH + Benzene ("ﬁ?")
KOH KOH 3500 3000 2000 1500
Zn(NO,) Zn(NO5), Wavenumber (cm™)
COCCOCOHC & € _
O P A D B A Y A D A OO APA [
CERDDCBDDDCEDDEDDEDCCDEREDEC DD DD B € B¢ grgrrqrg <« el
PR BEDE D PO DD BB PR, D BB DD D PP :
~ ’hy\%d e nQ@ q:v\ . @ :Pdsite
T ) ! = N o [} .
‘» & ) ©\/Vco — - QN‘H/ - @N/+ = @\ W J :Ssite
(R I8 ( H N 4y “
N 4 [ ° 3 :H,0
~ P ¢ o o & e ° o ° ~e
® 200 - 2@ > 9@ = 0@ - 9@ ¢ :H
ﬁLy ﬂ'-jv L—/&Lj&t‘{ & -Jﬂ'.t-; 3 -/Eeuttvﬂ'f'/eyé‘ye‘t{v&ej “’JJ & -6 eJ EJ} tht P f’ J% ey %e J& :&J
9. 5 v JJ JI - J JJ J H -
0000503 ©5850°0,00.005050 6000 85X t‘/’} 656 | & oM

Fig. 4 Electrocatalytic mechanism. (a) CV curves of PdS MNSs without NB and with NB collected in 1.0 M KOH. (b) Electrochemical selectivity
and conversion of NBHR over PdS MNSs recorded in different base solutions. (c) Chronoamperometry measurements of PdS MNSs and Pd MNSs
collected at the reduction (adsorption) and oxidation (desorption) potentials. (d) Electrochemical selectivity and conversion of NBHR over PdS

MNSs and Pd MNSs in the presence of Zn(NOx)

». (e) Electrochemical in situ FTIR spectra of PdS MNSs for selective NBHR electrocatalysis with

different reaction times. (f) Schematic illustration of the proposed mechanism of selective NB-to-AZO electrocatalysis in H,O over the PdS MNSs

cathode.
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experiment (Fig. 4¢).* Both PdS and Pd MNSs exhibit constant
reductive potentials until hydrogen adsorption (H,,,) reaches
equilibration (Fig. S25%). After being applied at a constant
oxidative potential, H,,, was desorbed on the PdS and Pd MNSs.
Both adsorption and desorption experiments revealed that, in
comparison to Pd MNSs, PdS MNSs exhibited a lower amount of
H,,.. This was mostly because active H,,; was partially trans-
ferred from Pd to S (similar to H spillover)***® that not only
disfavored the HER but also inhibited the over-hydrogenation
of AZO to AN. Second, we injected Zn(NO;), into the electro-
lyte to selectively inhibit S sites, as Zn is a sulfophilic metal that
forms of stable Zn-S bonds, thereby covering S sites on the
surface of the PdS MNSs.* LSV curves of the PdS MNSs showed
that, in the presence of Zn(NOs),, the current density remark-
ably decreased and the onset potential shifted negatively,
compared to those recorded without Zn(NO;), (Fig. S267).
However, almost no change in both current density and onset
potential can be observed in Pd MNSs. We further compared the
electrochemical NB-to-AZO performance of PdS MNSs with and
without Zn(NOy), (Fig. 4d). After the addition of Zn(NO3),, both
NB conversion and AZO selectivity were decreased dramatically
over PdS MNSs. In comparison, the Pd MNSs retained almost
the NB conversion and AZO selectivity with and without
Zn(NOj),. Clearly, the decreased NB-to-AZO performance origi-
nated from the covering of the S sites with extra Zn>* inhibitor.
The results clearly indicated the role of electron-rich S sites (S°~)
in optimizing selective NB-to-AZO electrocatalysis on PdS MNSs.
To demonstrate how S sites in the PdS MNSs effectively stabi-
lized H* and further suppressed the HER, we further calculated
the adsorption energies of H* at the Pd sites and S sites in both
Pd MNSs and PdS MNSs (Fig. S277). The adsorption energies of

© 2025 The Author(s). Published by the Royal Society of Chemistry

H* were —0.16 eV and —0.08 eV on the Pd sites of Pd and PdS,
respectively. In comparison, the adsorption energy of H* was
—0.39 eV on the S sites of PdS. The results clearly demonstrated
that H* was more effectively stabilized at the S sites, and the
adsorption capability of H* at the Pd sites was reduced. This all
led to the spillover of H* from Pd sites to S sites in the PdS
MNSs. Meanwhile, the strong adsorption of H* at the S sites
suppressed the coupling of H* to form H,, enabling the H*
produced by H,O splitting to participate in the NBHR.

In situ Fourier-transform infrared spectroscopy (FTIR) was
also carried out to reveal the intermediates and products of
NBHR electrocatalysis at different times. As presented in Fig. 4e,
-NO, in NB was gradually adsorbed on the PdS MNSs and
quickly reached a constant amount with a reaction time of 40 s.
In comparison, -N=0 and N-H appeared with a reaction time
of 70 s, indicating the prompt formation of nitrosobenzene and
phenylhydroxylamine intermediates. More importantly, some
new peaks assigned to -N=N- also appeared at the same time
(70 s), suggesting the hydrogenative coupling of nitrosobenzene
and phenylhydroxylamine into AOB and/or AZO. Based on the
above discussion, we proposed a Haber mechanism of PdS
MNSs for electrochemical hydrogenative coupling of NB into
AZO with H,O0 as the H* source (Fig. 4f). First, H,O as a solvent
was electroreduced into active H* on electron-deficient Pd®*
sites. Then, H* was quickly shifted to adjacent electron-rich S°~
sites and further stabilized without direct hydrogenation into
H, (HER). After H* was reacted with NB, nitrosobenzene was
immediately formed and further hydrogenated into phenyl-
hydroxylamine. Thanks to concave mesopores and a confined
microenvironment, -NO of nitrosobenzene was coupled with -
NHOH of phenylhydroxylamine to form -N'(O~)=N-(AOB).
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After being reacted further, -N'(O7)=N- of AOB was finally
hydrogenated to -N=N-(AZO). Owing to the weaker hydroge-
nation ability of active H* on electron-rich S°~ sites, AZO was
not further over-hydrogenated into AN, thus disclosing high
selectivity of AZO for selective NBHR electrocatalysis in H,O
over PdS MNSs. In our controlled experiments, both Pd MNSs
and PdS NPs exhibit lower AZO selectivity, further highlighting
the synergy of the confined mesoporous microenvironment and
binary PdS composition, promoting selective NB-to-AZO elec-
trocatalysis.”?>***' Moreover, the weaker adsorption ability of
AZO on the PdS MNSs also confirmed that AZO favored the
electrochemical desorption from PdS MNSs and thus resulted
in high AZO selectivity (Fig. S287).

Considering the sluggish kinetics and high onset potential
of the anode water oxidation reaction (WOR), we designed
a kinetically favorable electrochemical oxidation reaction in
H,O0, such as MOR, to couple with cathode NBHR in a two-
electrode system using PdS MNSs as a bifunctional electro-
catalyst (Fig. 5a). In comparison to traditional (—)
NBHR|[WOR(+), our PdS MNSs exhibited a remarkably lower
onset potential in (—)NBHR=MOR(+), highlighting its high
performance in the two-electrode coupling system (Fig. 5b).
Specifically, the (—)NBHR|MOR(+) coupling system required
only 0.69 and 1.40 V at current densities of 5 and 10 mA cm ™2,
which were 1.17 and 1.26 V lower than the (—)NBHR|[WOR(+)
system, respectively (Fig. 5¢). More impressively, over a wide cell
voltage range from —1.8 to —1.4 V, the PdS MNSs exhibit
remarkable NB conversion of >98% and AZO selectivity of >92%
in the (—)NBHR||MOR(+) coupling system, both of which are
much better than those in the (—)NBHR|WOR(+) system
(Fig. 5d). Meanwhile, the electrocatalytic rate of the cathode
NBHR was also remarkably accelerated. As shown in Fig. 5e,
with a reaction time of only 2 h, 90.3% of NB was electroreduced
into AZO (91.4% selectivity) in the (—)NBHR||MOR(+) coupling
system. Meanwhile, the AZO selectivity was retained even upon
reaction for 10 h. In comparison, the (—)NBHR|[WOR(+) system
required at least 6 h for electroreducing ~90% of NB under the
same conditions. The results clearly highlighted the high
performance of the (—)NBHR|MOR(+) coupling system for
selective AZO electrosynthesis with a coupled electrochemical
oxidation reaction with faster kinetics and lower onset poten-
tial. Additionally, the (—)NBHR||MOR(+) coupling system of the
PdS MNSs was electrochemically stable, with only a slight delay
in both NB conversion and AZO selectivity after 6 consecutive
cycles (Fig. 5f).

Conclusion

In conclusion, this work proposed that the synergy of a confined
mesoporous microenvironment and binary PdS composition of
an efficient electrocatalyst, such as PdS MNSs, can optimize the
reaction pathways and promote the hydrogenative coupling of
NB for value-added AZO electrosynthesis under ambient
conditions in H,O (as an H* source). Mechanistic studies
revealed that active H* on electron-deficient S sites (spilt over
from Pd sites) inhibited electrocatalytic over-hydrogenation of
NB into AN, while the confined mesoporous microenvironment
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facilitated the hydrogenative coupling of nitrosobenzene and
phenylhydroxylamine intermediates for AZO electrosynthesis.
The resultant PdS MNSs thus exhibited high NB conversion of
95.4%, remarkable AZO selectivity of 93.4%, and superior
cycling stability in selective NB-to-AZO electrocatalysis in H,O.
Moreover, when further coupling with kinetically favorable
MOR as the anode reaction instead of sluggish WOR, the two-
electrode (—)NBHR|MOR(+) system with PdS MNSs as
a bifunctional electrocatalyst exhibits much better NB-to-AZO
performance with a higher reaction rate and AZO selectivity.
Our findings in synergistically engineering active H* and
stabilizing/coupling key intermediates are thus expected to
provide a new strategy in designing new functional mesoporous
binary electrocatalysts applied in the selective electrosynthesis
of industrially value-added chemicals.
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