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Electronic State and Microenvironment Modulation
of Metal Nanoparticles Stabilized by MOFs for Boosting

Electrocatalytic Nitrogen Reduction

Lulu Wen, Kang Sun, Xiaoshuo Liu, Weijie Yang, Luyan Li, and Hai-Long Jiang*

Modulation of the local electronic structure and microenvironment of
catalytic metal sites plays a critical role in electrocatalysis, yet remains a
grand challenge. Herein, PdCu nanoparticles with an electron rich state

are encapsulated into a sulfonate functionalized metal-organic framework,
UiO-66-SO;H (simply as UiO-S), and their microenvironment is further
modulated by coating a hydrophobic polydimethylsiloxane (PDMS) layer,
affording PdCu@UiO-S@PDMS. This resultant catalyst presents high activity
toward the electrochemical nitrogen reduction reaction (NRR, Faraday effi-
ciency: 13.16%, yield: 20.24 ug h™' mg,, ™), far superior to the corresponding
counterparts. Experimental and theoretical results jointly demonstrate that
the protonated and hydrophobic microenvironment supplies protons for the
NRR yet suppresses the competitive hydrogen evolution reaction reaction,
and electron-rich PdCu sites in PdCu@UiO-S@PDMS are favorable to forma-
tion of the N,H* intermediate and reduce the energy barrier of NRR, thereby

Amongst them, electrochemical N, reduc-
tion reaction (NRR) is emerging as a
promising alternative strategy for the
green synthesis of NH; under ambient
conditions. However, due to the ultra-
stable N=N covalent triple bond as well as
the competing hydrogen evolution reac-
tion (HER) process, NRR suffers from
sluggish reaction kinetics and unsatisfac-
tory Faradaic efficiency (FE). Therefore,
it is highly desired to develop advanced
catalysts that can inhibit the competi-
tive HER, and promote the N, activation
toward efficient electrocatalytic NRR.
Metal nanoparticles (NPs) have been
recognized to be effective and inten-
sively employed in electrocatalytic NRR

accounting for its good performance.

1. Introduction

As an important chemical in industry, ammonia (NHj3) has been
widely used in energy carrier, fertilizer production, and fuel.
To date, NH3 production on an industrial scale is dominated
via Haber-Bosch process at high temperature and pressure,
suffering from energy intensive and environment unfriendly
issues.ll Therefore, it is significant to explore green and sus-
tainable approaches for the NH; production. So far, many alter-
native strategies have been developed for artificial N, reduction
technologies, including photocatalysis, electrocatalysis, etc.2
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at ambient conditions.[**45 The modula-

tion of the electronic state of active metal

sites and their surrounding microenviron-

ment has been considered to play critical
roles in the catalytic performance.l®! Specifically, Pd NPs have
been demonstrated to be potential NRR sites; unfortunately,
molecular hydrogen is readily poisoned on the Pd surface due
to its stronger binding to hydrogen adatoms than nitrogen.>"
To address this issue, the integration of Cu with Pd to form
PdCu alloys has been proven to be a feasible method. Recently,
crystal phase engineering based on PdCu alloys was developed
to modulate NRR performance, which proved the strong elec-
tronic interaction between Pd and Cu can not only weaken the
Pd-H interaction to suppress HER process, but also boost NRR
activity.” Therefore, the introduction of the second metal Cu
into Pd NPs would be a promising strategy to modulate the
electronic state of Pd site for improved NRR.

In addition to surface electronic state regulation, the surface
microenvironment modulation of metal NPs is usually achieved
via the modification of diverse functional molecules on their
surface,”l such as surfactant, which is actually not favorable to
the accessibility of active metal sites and the activity.®l Alter-
natively, the encapsulation of metal NPs into porous mate-
rials with tailorable structures might be a judicious solution,
because the metal NPs with naked surface and small sizes
can be confined in pore spaces, and the interconnected pores
make them easily accessible to the substrates. To impede the
competitive HER process, the creation of hydrophobic micro-
environment around metal sites will prevent the accessibility
from water molecules to the catalytic sites.’) However, NRR is a
proton engaged process associated with gradual hydrogenation
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steps, in which the participation of H* is essential. To solve this
contradiction, the introduction of protonated functional group,
such as sulfonic acid (-SO3H), will provide proton (relay) for the
NRR process, and the deprotonated -SO3” might be able to cap-
ture protons through the hydrophobic microenvironment.

To achieve the above design toward the incorporation of
PdCu NPs and hydrophobic microenvironment with proto-
nated functional groups, a class of crystalline porous materials,
metal-organic frameworks (MOFs) and covalent-organic frame-
works (COFs),%1 featuring high porosity and large surface
area, as well as tailorable structures, would be promising can-
didates.'!l Recently, MOF based and COF based catalysts have
shown unique advantages in electrocatalytic NRR, and provide
an excellent platform to investigate the structure-property rela-
tionship at atomic level.3*%12 Thanks to the porous structures,
PdCu NPs can be well dispersed, stabilized, and accessed.
Moreover, diverse functional groups can be dangled onto the
pore walls of MOFs and COFs to modulate the microenviron-
ment and local electronic state of guest metal sites, promoting
the NRR performance. Therefore, the MOF or COF composites
would be an ideal platform to investigate the influence of proto-
nated and hydrophobic microenvironment modulation toward
electrocatalytic NRR.

With these in mind, tiny PdCu NPs are incorporated into a
representative MOF decorated with sulfonic acid group, UiO-
66-SO3H (Z1;04(OH),(BDC-SO;H),, BDC = 1,4-benzenedicar-
boxylic acid; simply as UiO-S),3] and further post-synthetic
modification of polydimethylsiloxane (PDMS) affords the cor-
responding composite, denoted as PdCu@UiO-S@PDMS
(Scheme 1). The electron transfer in PdCu NPs facilitates the
conversion of N, molecules, the protonated sulfonic acid micro-
environment provides indispensable proton source for NRR,
and the hydrophobic PDMS coating suppresses the contact of

Pd?*/Cu?*, DSA
|
H, reduction

PdCu@UiO-S

) ® A\
Hydrophobic
PDMS layer

Scheme 1. Schematic illustration for the stepwise synthesis of PdACu@
UiO-S@PDMS  with significant functional components/units for
improving NRR being highlighted.
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H,0 with PdCu rather than preventing —SO;~ to extract pro-
tons from the water. Therefore, an ideal microenvironment
supplying protons yet suppressing competitive HER would be
formed in PACu@UiO-S@PDMS. As a result, the synergetic
effect among the aforementioned factors in the composite
catalyst cooperatively promotes the electrocatalytic NRR with
good performance. Both experimental and theoretical calcula-
tions unveil that the presence of Cu atom increases the Pd elec-
tron density and induces an upshift of the d-band center of Pd
atoms, thus benefiting to reduce the energy barrier of the NRR
reaction, which are favorable to the catalytic process. This work
provides a unique strategy to synergistically improve NRR by
electron transfer coupled with microenvironmental modulation
by MOF/COF materials.

2. Results and Discussion

2.1. Synthesis and Characterization

The UiO-66-SO3H (simply as UiO-S for clarity) can be activated
upon heating to incorporate metal NPs into its pore space. To
prevent the formation of metal NPs on the MOF external sur-
face and avoid their aggregation, a double solvent approach
synthetic strategy was adopted to rationally introduce Pd and
PdCu NPs to afford Pd@UiO-S and PACu@ UiO-S, respectively
(see the Experimental Section).! Given the hydrophilic cages
in the MOF, the quantitative metal precursor aqueous solution
can be fully introduced via the capillary force and hydrophilic
interaction to yield metal precursor@UiO-S, which was further
reduced by H, to generate metal NPs confined in the MOF. The
hydrophobic PDMS layer was further coated onto the PdACu@
UiO-S composite by a simple vapor deposition method at
230 °C, producing PdCu@ UiO-S@PDMS.

Powder X-ray diffraction (XRD) patterns demonstrate
the integrity of structure and crystallinity of the MOF
after the reduction and post-synthetic PDMS modification
(Figure S1-S3, Supporting Information). No identifiable diffrac-
tion peaks for Pd/Cu NPs in the composites indicate that metal
NPs could be very small. Scanning electron microscopy (SEM)
observation shows that PACu@UiO-S@PDMS has a particle-
stacking shape with average sizes of ca. 120 nm (Figure 1a). The
related control samples present similar morphologies and sizes
(Figure S4-S7). The transmission electron microscopy (TEM)
images display that the outer surface of the catalyst is obviously
coated with a thin layer of PDMS of =1 nm, and the coating of
the hydrophobic PDMS layer does not affect the morphology
and size (Figure 1b,c; Figure S8, Supporting Information).
There are no observable Pd or PdCu NPs in the TEM images,
which suggests that they are in very small sizes, in line with the
above powder XRD results. Nitrogen adsorption measurements
indicate that PdACu@ UiO-S and PdCu@ UiO-S@PDMS possess
similar Brunauer-Emmett-Teller surface area, and the slight
decrease in surface area compared to parent UiO-S is ascribed
to the mass occupation of PdCu NPs (Figure S9). The high sur-
face area of PACu@UiO-S@PDMS reveals that the thin PDMS
coating layer is permeable and does not impede the transporta-
tion of N, molecules. Elemental mapping results support the
even dispersion of Pd, Cu, and Zr in the sample (Figure 1d).
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In addition, the molar ratio of Pd and Cu is adjusted to =9:1
while fixing their total amount at =2.0 wt.% in PdCu@ UiO-S@
PDMS, as evaluated by the inductively coupled plasma atomic
emission spectroscopy (Table S1).

2.2. Electrochemical NRR Performance

Linear sweep voltammetry curves were recorded under N, and
Ar saturated electrolytes, respectively. The higher current den-
sity at a lower potential in N, atmosphere implies potential
NRR activity (Figure S10). Encouraged by this, the electrocata-
lytic NRR experiments and the corresponding electrochemical
tests were conducted in a two compartment electrochemical
cell in 0.1 M HCI electrolyte, and all potentials were converted
to the RHE scale. The concentration of the produced NH; was
quantified by the indophenol blue methods spectrophotometri-
cally (Figure S11), and the possible N,H, (byproduct) was deter-
mined by the Watt and Chrisp method (Figure S12).% Time
dependent current density curves of given potentials in N,-sat-
urated electrolyte indicate that the current density increases
in order from -0.05 to -0.45 V versus RHE (Figure S13). The
UV-vis absorption spectra of the electrolytes stained with the
indophenol indicator at a series of potentials after 2 h of elec-
trolysis are collected to quantify the produced NH; (Figure S14).
By comparison of the collected data, the largest NH; yield of
20.24 ug h™' mg.,, ! and the highest FE of 13.16% are achieved
by PAdCu@UiO-S@PDMS at -0.25 V with current density of
~0.142 mA cm? under ambient conditions (Figure 2a). Mean-
while, the amount of NHj; increases with increasing time,
indicating the continuous catalytic process (Figure S15). When
a more negative potential is applied, the PDMS coating still
presents hydrophobic characteristics indicating the stability
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Figure 1. a) SEM image, and b) low- and c) high-magnification TEM images, as well as d) elemental mapping images for PdACu@UiO-S@PDMS.

of PDMS overlayer (Figure S16 and S17). The decreased NH;
yield and FE are probably caused by the gradually enhanced
competitive HER.?! It should be noted that the current den-
sity decreases with increasing the particle size of MOF, which
is attributed to the higher internal electrical resistance in large
MOF (Figure S18 and S19). The obtained activity is comparable
and even superior to those of reported Pd based and MOF/COF
based NRR electrocatalysts under similar conditions (Table S2;
Figure S3, Supporting Information). Furthermore, the concen-
tration of NH3 has also been quantified by nuclear magnetic
resonance (NMR) spectroscopy and the signal integration-con-
centration linear relation is obtained (Figure S20). The concen-
tration of NH,* is calculated to be 20.92 ug h™' mg,, ™', which is
consistent with the above UV-vis result (20.24 ug h™ mg.,. ™),
unambiguously evidencing the efficient N, reduction to NH;
over PACu@UiO-S@PDMS (Figure S20b, Supporting Informa-
tion). Moreover, the byproduct of N,H, is not detectable at all
potentials investigated (Figure S21), suggesting the excellent
selectivity to NH; in the presence of PACu@UiO-S@PDMS
catalyst.

Control catalysts have been fabricated to identify the key
components in the optimized structure (Figure 2b; Figure S22,
Supporting Information). In the absence of metal NPs, the
UiO-S@PDMS shows very low NHj yield and FE, suggesting
that PdCu NPs are necessary and should be active sites. The
apparently higher NRR activity of PACu@ UiO-S@PDMS than
that of Pd@UiO-S@PDMS reveals that Cu dopant plays posi-
tive influence in the NRR process, "> of which the optimized
Cu/(Pd+Cu) molar ratio is =10% (Figure S23), affording the
best activity and being defined as the default value. To further
confirm the positive effect of Cu on NRR, electrochemical
impedance spectroscopy (EIS) and electrochemical active sur-
face area tests are performed (Figure S24-S26), indicating the
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Figure 2. The NH; yield rate and FE of a) PACu@UiO-S@PDMS at various potentials, and b) the control catalysts, including carbon paper, PdACu@
UiO-S, PdCu@UiO-S@PDMS, PACu@UiO@PDMS, and UiO-S@PDMS at -0.25 V versus RHE. ¢) The 'H NMR calibration curve of "NH,Cl. The red
asterisk indicates the "NRR product over PdCu@UiO-S@PDMS at -0.25 V in 0.1 M HCl. d) The FE and NH; yield rate during the recycling test under

the potential of -0.25 V versus RHE.

smaller charge transfer resistance and larger active surface area
in PdCu counterpart than that of Pd counterpart. Moreover,
PACu@UiO@PDMS, in which UiO-66-SO;H is replaced with
Ui0-66, gives much reduced activity, indicating the protonated
microenvironment created by -SO3H group is of great impor-
tance in electrocatalytic NRR. In addition, the contact angles of
UiO-S and PdCu@UiO-S are =2.2°, showing super hydrophilic
properties. Upon coating PDMS, the PdCu@UiO-S@PDMS
gives a contact angle of 1373° and strong hydrophobic feature
(Figure S16). This hydrophobic PDMS coating layer plays a
critical role in the inhibition of competitive HER, as can be sup-
ported by the significantly lower limiting current of PdCu@
UiO-S@PDMS than that of PACu@ UiO-S catalyst (Figure S27).
Meanwhile, the apparent current response indicates that PDMS
will not completely repulse all protons, affording a moderate
proton environment that might be suitable for NRR.

To verify whether the NH; detected is only produced from
electrocatalytic N, reduction over PACu@ UiO-S@PDMS, con-
trol experiments have been carried out in N, saturated solu-
tion under an open circuit potential and Ar saturated solu-
tion at -0.25 V for 2 h. The corresponding UV-vis absorption
spectra suggest that almost no NH; generation for the above
two situations (Figure S28). To further examine the source of
NH3, the isotope labeling experiments were conducted. The 'H
NMR spectra of the standard samples display triplet and duplet
coupling for “NH,* and NH,", respectively (Figure $29).ld
By using N, as the feed gas for the electrolytic reaction at
-0.25 V versus RHE, only the duple coupling signal associ-
ated with the standard ®"NH,*can be identified (Figure S30).
The signal integration of the N duple coupling corresponds
to the PNH,* concentration of 21.38 ug h™ mg_,, ™ (Figure 2c),
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unambiguously manifesting that the NH; is indeed produced
from electrocatalytic N, reduction.

Stability is another critical parameter to assess NRR per-
formance for practical applications. The stability of PdCu@
UiO-S@PDMS was evaluated by five consecutive runs of elec-
trocatalysis at -0.25 V (Figure 2d), during which both FE and
NH; yields give very slight fluctuations, indicating the excellent
stability in electrochemical NRR. Moreover, the electrocatalytic
NRR over PACu@UiO-S@PDMS at -0.25 V under a sustained
N, gas bubbling flow for 20 h exhibits almost no variation of the
current density (Figure S31), further demonstrating its good sta-
bility. After long term NRR electrocatalysis over PACu@ UiO-S@
PDMS, powder XRD results present almost negligible change
in the crystalline phase, and the SEM, TEM, and elemental
mapping images indicate that its microstructure is maintained
(Figure S32). The leaching of Zr*, Cu?" and Pd*" in electrolyte
are measured and the obtained results generally support the cat-
alyst stability (Table S4). X-ray photoelectron spectroscopy (XPS)
spectra reveal that no significant peak shift or oxidation state
change for Pd, Cu, and S can be observed after the NRR process
(Figure S33 and S34). All these results support that this catalyst
remains stable under the electrocatalytic NRR conditions. It
should be noted that the PDMS does not obviously enhance the
chemical stability of PdACu@ UiO-S probably due to the originally
high stability of UiO-type MOFs in acidic solution (Figure S35).

2.3. Reaction Mechanism
To understand the reason behind the high NRR activity

of PACu@UiO-S@PDMS, XPS is adopted to characterize
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Figure 3. a) The Pd 3d XPS spectra and b) CO-DRIFT spectra for PdACu@UiO-S@PDMS and Pd@UiO-S@PDMS. In situ FT-IR spectra of ¢) Pd@
UiO-S@PDMS and PdCu@UiO-S@PDMS during the electrocatalytic reaction at -0.25 V versus RHE for 60 min.

its surface electronic structure (Figure 3a). The peak of Pd
3ds;; in PACu@UiO-S@PDMS is located at 336.0 eV, pre-
senting a slight shift to lower binding energy upon alloying
with Cu, as compared with that at 336.3 eV for Pd@UiO-S@
PDMS.["I The binding energy shift reflects that the Pd sur-
face in PdCu@UiO-S@PDMS becomes electron-rich and
presents charge redistribution effect between Pd and Cu.l’"
The spectra of Cu 2p;;, can be split into two peaks, related
to Cu® (932.6 eV, 952.6 eV) and Cu?* (934.6 eV, 953.8 eV)
(Figure S33Db, Supporting Information). The partial oxida-
tion of Cu® observed, which is commonly reported,®¥ might
be due to the oxidation by air exposure. The clear signal for
Si 2p after PDMS coating demonstrates the successful sur-
face modification for PACu@UiO-S (Figure $36).°] In addi-
tion, to further verify the electronic state of Pd, the diffuse
reflectance infrared Fourier transform (DRIFT) spectra of CO
adsorption are collected (Figure 3b). The Pd@UiO-S@PDMS
gives the CO adsorption peaks at 2049 cm™ and 1933 cm™,
which are associated with the linearly absorbed and bridge-
bound CO, respectively.”?) Upon integrating Cu with Pd, the
main CO adsorption peaks of PACu@UiO-S@PDMS exhibit
a blue shift to a lower wavenumber, indicating that the elec-
tron donating effect of Cu makes Pd surface rich in electrons,
giving rise to increased N, adsorption and enhanced NRR
activity.

Adv. Mater. 2023, 35, 2210669

2210669 (5 of 8)

In situ Fourier transform infrared (FT-IR) spectra are
adopted to compare the activity of electrocatalytic NRR over
Pd@UiO-S@PDMS and PdCu@UiO-S@PDMS at —0.25 V
versus RHE (Figure 3c). Along with prolonged reaction time,
the characteristic peak of NH; for Pd@ UiO-S@PDMS at wave-
number of 1230 cm™ does not change significantly, while that
for PACu@UiO-S@PDMS gradually increases.'® The result
further supports that the increased Pd electronic density by
incorporating Cu species is beneficial to enhanced activity in
the NRR.

Density functional theory (DFT) calculations unveil the
mechanism behind the superior activity of PdCu-based catalysts
to the Pd based one. The Gibbs free energy (AG) variation along
the coordinate of the reaction paths for Pd@ UiO-S@PDMS and
PdCu@UiO-S@PDMS is displayed (Figure 4a, see the detailed
configurations in Figure S37). It can be seen that the formation
of N,H* is the rate determining step (RDS) for both alternating
pathway and distal pathway, where PdCu@ UiO-S@PDMS dis-
plays a much lower energy barrier (0.40 eV) for RDS than that of
Pd@UiO-S@PDMS (1.16 eV). Even though the last desorption
of NH;* is endothermic, the protonation of NH;* would form
NH," in solution which is considered as a favorable step.!”] This
result is consistent with superior experimental NRR activity of
the PACu@UiO-S@PDMS to the Pd counterpart. To ration-
alize the lower RDS energy barrier of the PACu counterparts,
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Figure 4. a) The energy variations of NRR process along reaction path of PdA@UiO-S@PDMS and PdCu@UiO-S@PDMS. b) The partial density of
states and d-band center values of Pd atom on Pd@UiO-S@PDMS and PdCu@UiO-S@PDMS. c) The ELF of *N,H absorbed on Pd@UiO-S@PDMS

and PdCu@UiO-S@PDMS, respectively.

the d-band center of Pd reflecting the binding strength between
N,H* and active sites has been investigated.l’l When the d-band
center of catalytic sites is shifted up to the Fermi level, there will
be a stronger bond strength between intermediates and catalytic
sites as well as accelerated electron transfer. Compared to the
Pd NPs, it can be seen that the introduction of Cu will lead to
an upshift of the d-band center of Pd sites (Figure 4b), which
indicates more occupied d-band electrons on PdCu counterpart.
Consequently, the electron localization function (ELF) indicates
that there is a greater degree of electron overlap in PdCu@
UiO-S@PDMS, which manifests a stronger Pd-N interaction
between N,H* and Pd sites (Figure 4c). Bader charge analysis
suggests that the upshift of d-band center and enhanced interac-
tion arise from the electron donating effect of Cu (1.40 e), which
is consistent with the above XPS and CO-DRIFT results.

3. Conclusion

In summary, tiny PdCu NPs have been encapsulated into a
representative MOF, UiO-66-SO;H, followed by post-synthetic
coating of PDMS layer, to afford PACu@UiO-S@PDMS com-
posite. This catalyst not only optimizes the electronic state
of Pd active sites by alloying with Cu species, which reduces
the energy barriers of RDS toward N, activation, but also
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achieves unique protonated and moderate hydrophobic micro-
environment modulation by grafting the -SO;H group on
the MOF skeleton and coating PDMS layer, respectively. As a
result, PACu@UiO-S@PDMS exhibits high NRR activity up
to 20.24 pug h™! mg.,, 7! with FE of 13.16% and stability in the
electrocatalytic NRR, far surpassing the corresponding coun-
terparts. The results highlight the integration of electron rich
metal sites with protonated and hydrophobic microenviron-
ment is crucial to enhance NRR activity and the suppression of
the HER. DFT calculations indicate that the impressive activity
of PACu@UiO-S@PDMS is mainly attributed to the syner-
gistic effect in the composite, which enriches the d-band elec-
tron density in Pd, and thereby giving rise to enhanced Pd-N
interaction between N,H* intermediate and Pd sites. This work
offers a guideline to the integration of diverse functional spe-
cies into a single composite based on advanced MOF platform
for excellent catalysis, but also provides significant inspiration
on promoting electrocatalysis by modulating microenviron-
ment around catalytic metal centers.
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