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ABSTRACT: Inspired by enzymatic catalysis, it is crucial to construct
hydrogen-bonding-rich microenvironment around catalytic sites; unfortu-
nately, its precise construction and understanding how the distance between
such microenvironment and catalytic sites affects the catalysis remain
significantly challenging. In this work, a series of metal−organic framework
(MOF)-based single-atom Ru1 catalysts, namely, Ru1/UiO-67-X (X = -H,
-m-(NH2)2, -o-(NH2)2), have been synthesized, where the distance between
the hydrogen-bonding microenvironment and Ru1 sites is modulated by
altering the location of amino groups. The −NH2 group can form hydrogen
bonds with H2O, constituting a unique microenvironment that causes an
increased water concentration around the Ru1 sites. Remarkably, Ru1/UiO-
67-o-(NH2)2 displays a superior photocatalytic hydrogen production rate,
∼4.6 and ∼146.6 times of Ru1/UiO-67-m-(NH2)2 and Ru1/UiO-67,
respectively. Both experimental and computational results suggest that the close proximity of amino groups to the Ru1 sites in
Ru1/UiO-67-o-(NH2)2 improves charge transfer and H2O dissociation, accounting for the promoted photocatalytic hydrogen
production.

■ INTRODUCTION
Hydrogen energy is deemed one of the eco-friendly and
sustainable alternatives to fossil fuels due to its renewable,
clean, and high-efficiency features.1,2 The photocatalytic
hydrogen production technology attracts widespread attention,
resulting from the direct conversion of solar energy into
hydrogen energy.3−5 The technology mimics natural photo-
synthesis, aiming at high-efficiency and low-cost hydrogen
production.3−5 To achieve this goal, a variety of strategies have
been developed, such as introducing cocatalysts, creating
structural defects, tailoring the morphology and composition of
catalysts, and so on.6−12 Despite related progress showing great
promise, the efficiency of photocatalytic hydrogen production
remains a formidable challenge toward practical application.
Inspired by the ideal catalytic performance of enzymes in

biochemical reactions, the noncovalent interaction micro-
environment formed by substrates and amino acid residues
within the binding pocket, surrounding catalytic centers, plays
crucial roles in enriching, organizing, and activating sub-
strates,13,14 which might be worth learning for improving the
activity in photocatalytic hydrogen production. However, the
introduction of a noncovalent interaction in traditional
heterogeneous catalysts is difficult, given the challenge in
their structural regulation. While the distance between catalytic
sites and the substrate, directed by the weak interaction, might

be critical for the resulting photocatalytic performance, this
remains basically unknown in literatures. To construct a
suitable photocatalyst platform with a controlled distance
between the catalytic site and its adjacent noncovalent
interaction site for substrates, the precise location and
regulation of both sites are highly desired. In this context, it
is of great importance to find suitable supports with well-
defined and readily modifiable structures, so that the above two
sites can be accurately installed to the specific locations.
Considering the aforementioned requirement, metal−

organic frameworks (MOFs), a class of crystalline porous
materials, stand out due to their atomically precise and highly
tailorable structures.15−21 These unique advantages make
MOFs ideal platforms for structural design and modification;
moreover, MOFs have been demonstrated to have great
potential in photocatalytic hydrogen production.22−26 Re-
cently, the metal clusters within MOFs have been demon-
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strated to be promising supports for anchoring single metal
atoms with clear locations.27−31 In addition, the functional
groups for the noncovalent interaction can be furnished on the
organic linkers and the group type and location are
adjustable.32 Despite this, to our knowledge, regulating the
distance between the catalytic site and the noncovalent
interaction site (for inducing substrates) in heterogeneous
catalysts is yet to be reported.

In this work, single Ru1 atoms are precisely anchored onto
Zr-oxo clusters in UiO-67-X (X = -H, -m-(NH2)2, -o-(NH2)2),
resulting in the synthesis of Ru1/UiO-67-X for photocatalytic
hydrogen production. The crystalline and porous structure of
the MOF allows the Ru1 sites to be well dispersed and
improves their accessibility for subsequent catalysis. The
hydrogen-bonding microenvironment around Ru1 sites is
created based on the −NH2 group that can form hydrogen

Scheme 1. Illustration Showing the Synthetic Strategy for Ru1/UiO-67-X (X = -H, -m-(NH2)2, -o-(NH2)2)

Figure 1. (a) TEM and (b) aberration-corrected HAADF-STEM images of Ru1/UiO-67-o-(NH2)2. (c) HAADF-STEM image of Ru1/UiO-67-o-
(NH2)2 and the corresponding EDS elemental mapping images for Zr, O, Ru, S, and their overlap.
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bonding with H2O molecules. Moreover, the distance between
Ru1 sites and the −NH2 group (the site interacting with H2O)
can be readily controlled by altering the location of amino
groups on the linker (Scheme 1). Remarkably, Ru1/UiO-67-o-
(NH2)2 featuring hydrogen-bonding microenvironment in
close proximity to Ru1 sites showcases a very high activity of
20.52 mmol g−1 h−1, which is ∼4.6 and ∼146.6 times higher
than that of Ru1/UiO-67-m-(NH2)2 and Ru1/UiO-67,
respectively. Results indicate that the hydrogen-bonding
microenvironment and its proximity around the Ru1 sites are
crucial for the photocatalytic activity. This finding provides an
innovative strategy toward enhanced photocatalysis.

■ RESULTS AND DISCUSSION
UiO-67, a representative MOF, was synthesized using 4,4′-
biphenyldicarboxylic acid (H2BPDC) and ZrCl4 under
solvothermal conditions.33,34 Isoreticular UiO-67-m-(NH2)2
and UiO-67-o-(NH2)2 (different distances between the
amino and carboxylic groups in these two MOFs) were
produced using a mixed-linker strategy under similar
conditions. The molar ratio of H2BPDC to H2BPDC-m-
(NH2)2 (2,2′-diamino-1,1′-biphenyl-4,4′-dicarboxylic acid) or
H2BPDC-o-(NH2)2 (3,3′-diamino-1,1′-biphenyl-4,4′-dicarbox-

ylic acid) was 1:1 in the corresponding MOFs, as confirmed by
1H NMR spectra (Figures S1 and S2). The Ru3+ ions were
introduced to UiO-67-X (X = -H, -m-(NH2)2, -o-(NH2)2) by a
microwave-assisted synthetic approach (uncoordinated −OH/
H2O groups on the Zr-oxo clusters of UiO-67-X capable of
anchoring the Ru1 sites),

30 followed by sulfidation using
thioacetamide (for modulating the coordination environment
and electronic structure of Ru1 sites),

30 yielding Ru1/UiO-67-X
with similar Ru loadings of ∼1.1 wt %, determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis (Table S1). Powder X-ray diffraction
(XRD) patterns suggest that the crystallinity of parent UiO-67-
X remains after the anchoring of Ru species (Figure S3).
Brunauer−Emmet−Teller (BET) surface areas of Ru1/UiO-
67-X show a slight decrease to the parent MOF, possibly due
to the mass occupancy of Ru sites (Figure S4).35 Scanning
electron microscopy (SEM) images indicate that all Ru1/UiO-
67-X present a similar octahedral morphology to the parent
MOFs (Figure S5). The Ru nanoparticle is not generated in
Ru1/UiO-67-X from the transmission electron microscopy
(TEM) observation (Figures 1a and S6). Aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of Ru1/UiO-67-o-

Figure 2. (a) Ru K-edge XANES spectra for Ru1/UiO-67-X, with the Ru foil and RuO2 serving as reference materials. (b) CO−DRIFTS spectra of
Ru1/UiO-67-X. (c) FT-EXAFS spectra of Ru1/UiO-67-X and the Ru foil. (d) EXAFS fitting curve of Ru1/UiO-67-o-(NH2)2 (inset: the proposed
coordination structure of the single Ru atom anchored on the Zr-oxo cluster). (e) DRIFTS spectra and (f) 1H NMR spectra of UiO-67-o-(NH2)2
and Ru1/UiO-67-o-(NH2)2.
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(NH2)2 display bright spots, suggesting dense atomic sites
(Figures 1b and S7).36−38 Given the close atomic numbers of
Ru and Zr in the composite, it is very difficult to make this
distinction. However, the absence of observable nanoparticles
implies that single-atom Ru might exist in Ru1/UiO-67-o-
(NH2)2.

36 The HAADF-STEM image and the corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental map-
ping images of Ru1/UiO-67-X jointly demonstrate that Ru
species is well dispersed throughout the MOF particle (Figures
1c, S8 and S9).
To unveil the detailed information on Ru species in Ru1/

UiO-67-X, X-ray absorption spectroscopy (XAS) analysis has
been performed. X-ray absorption near-edge spectroscopy
(XANES) shows that the absorption edge of Ru1/UiO-67-X is
positioned between that of the Ru foil and RuO2, implying that
the oxidation states of Ruδ+ species are in the range from 0 to
+4 (Figure 2a).36−38 X-ray photoelectron spectroscopy (XPS)
spectra of Ru 3p for Ru1/UiO-67-X present very similar
binding energies at ∼461.9 eV (Figure S10), and the diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
spectra for CO adsorption on Ru1/UiO-67-X display a
prominent peak at ∼2061 cm−1 (Figure 2b). All above results
confirm that the Ru species in Ru1/UiO-67-X possess similar
oxidation states. The absence of the Ru−Ru bond (2.39 Å)
and the presence of the Ru−S bond (1.85 Å) observed from
the Fourier transform extended X-ray absorption fine structure
(EXAFS) spectra indicate the formation of single Ru1 atoms in
Ru1/UiO-67-X (Figure 2c). Subsequent fitting curves reveal
that single-atom Ru1 in Ru1/UiO-67-X adopts a tetrahedral
coordination, bonded to one O and three S atoms (Figures 2d,
S11 and Table S2). The XPS spectra of S 2p confirm that the
valence state of sulfur species in Ru1/UiO-67-X is mainly −2
(Figure S12), supporting the −SH coordination around the Ru
center. Furthermore, a comparison of the CO−DRIFTS
spectra for Ru1/UiO-67-o-(NH2)2 and RuNPs/UiO-67-o-
(NH2)2 (NPs: nanoparticles) showcases significant differences

(Figure S13), further supporting the presence of single Ru1
atoms in the former.36 The remarkable intensity reduction of
the peak at 3668 cm−1, assignable to the stretching vibration of
−OH/H2O on Zr-oxo clusters, suggests that single Ru1 atoms
interact with the −OH/H2O groups, as observed in DRIFTS
spectra, confirming that the single Ru1 atoms are precisely
anchored onto the Zr-oxo clusters in UiO-67-o-(NH2)2
(Figures 2e and S14).30 Furthermore, the vibrational peak of
the −NH2 group does not shift after anchoring the single Ru
atom, so it can be excluded that the single Ru atom is anchored
to the −NH2 group (Figure S15). The molar ratios of
H2BPDC-o-(NH2)2:OAc− for UiO-67-o-(NH2)2 and Ru1/
UiO-67-o-(NH2)2 are 1:1.08 and 1:0.85, respectively, based
on the 1H NMR results (Figure 2f). The decrease in the OAc−
content further supports that the OAc− groups in UiO-67-o-
(NH2)2 are replaced by single Ru1 atoms in Ru1/UiO-67-o-
(NH2)2.

30 Similar findings can also be observed for Ru1/UiO-
67 and Ru1/UiO-67-m-(NH2)2 (Figures S16 and S17). The
above results unambiguously demonstrate that single Ru1
atoms are precisely anchored onto the Zr-oxo clusters in all
Ru1/UiO-67-X. With a fixed location of catalytic Ru1 sites and
the absence or presence of the amino group (for creating
hydrogen-bonding microenvironment) situated at changing
locations on the linker, Ru1/UiO-67-X can be adopted as ideal
models for studying the influence of the hydrogen-bonding
microenvironment on photocatalysis.
Motivated by the above results, photocatalytic hydrogen

production for water splitting over Ru1/UiO-67-X has been
investigated, under visible light irradiation and optimized
reaction conditions (Figure S18). Strikingly, the photocatalytic
hydrogen production of Ru1/UiO-67-X exhibits distinctly
different rates, featuring the highest activity of 20.52 mmol
g−1 h−1 for Ru1/UiO-67-o-(NH2)2, while exhibiting markedly
lower rates of 4.47 and 0.14 mmol g−1 h−1 for Ru1/UiO-67-m-
(NH2)2 and Ru1/UiO-67, respectively, under identical reaction
conditions (Figures 3a and S19). The apparent quantum

Figure 3. (a) Photocatalytic hydrogen production rates of Ru1/UiO-67-X and UiO-67-X for 1 h. Reaction conditions: 5 mg of the catalyst, 18 mL
of acetonitrile, 2 mL of TEA, 0.2 mL of H2O, and λ > 380 nm. (b) UV−vis spectra of UiO-67-X. (c) Photocurrent responses of Ru1/UiO-67-X. (d)
EIS Nyquist plots of Ru1/UiO-67-X.
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efficiency of Ru1/UiO-67-o-(NH2)2 at 380 nm is 0.44%.
Moreover, it is observed that the photocatalytic hydrogen
production rate in Ru1/UiO-67-o-(NH2)2 significantly varies
when the molar ratio of H2BPDC to H2BPDC-o-(NH2)2 in the
MOF is altered (Figure S20). Obviously, the amino groups
contribute to improving the hydrogen production efficiency;
meanwhile, the distance between the Ru1 sites and amino
groups is another critical parameter for the activity. To
manifest this assumption, the photocatalytic reactions have
been conducted with altered amounts of water and types of
sacrificial agents; to our delight, a similar activity difference can
be observed (Figures S21 and S22).
Moreover, the hydrogen production rates for UiO-67-X are

generally very low (Figure 3a), revealing that the single Ru1
atoms are the real active sites in photocatalytic hydrogen
production by water splitting. Photocatalytic recycling experi-
ments for Ru1/UiO-67-o-(NH2)2 show that no noticeable
degradation is observed in the three consecutive cycles (Figure
S23); the crystallinity and morphology are well maintained,
and no Ru nanoparticle is discernible in the TEM image after

photocatalysis (Figures S24 and S25), suggesting the good
stability and recyclability of Ru1/UiO-67-o-(NH2)2.
To understand the activity variation in the photocatalytic

hydrogen production over Ru1/UiO-67-X, their photoelec-
trochemical properties have been measured. The steady-state
photoluminescence (PL) emission spectra reveal that the
introduction of Ru1 sites and amino groups significantly
improves the charge transfer in the MOF (Figures S26−S29).
Ultraviolet−visible (UV−vis) spectra of UiO-67-X depict the
light-harvesting capability trend of UiO-67-m-(NH2)2 > UiO-
67-o-(NH2)2 > UiO-67 (Figure 3b). Accordingly, their Tauc
plots display the reversed band gap sequence of UiO-67-m-
(NH2)2 < UiO-67-o-(NH2)2 < UiO-67 (Figures S30−S32).
These results reflect that the introduction of −NH2 groups
does improve light absorption. However, the unmatched
tendency with the photocatalytic activity indicates that the
light absorption capability is not the dominant factor for the
different activity. Meanwhile, the lowest unoccupied molecular
orbitals (LUMOs) of UiO-67-X, obtained from Mott−
Schottky measurements, are all negative than the H2O
reduction potential (−0.4 V vs NHE, pH = 6.8), demonstrat-

Figure 4.MS spectra of the hydrogen product with (a) H2O and (b) D2O as the source of hydrogen. (c) Water vapor adsorption isotherms of Ru1/
UiO-67-X at 298 K. Time-dependent DRIFTS spectra recording (d) water adsorption on UiO-67-o-(NH2)2 and (e) water desorption by purging
with Ar gas after water adsorption saturation.
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ing the thermodynamic feasibility of hydrogen generation by
visible light photocatalysis (Figures S33−S35).39,40 In addition,
the photocurrent responses show the order of Ru1/UiO-67-o-
(NH2)2 > Ru1/UiO-67-m-(NH2)2 > Ru1/UiO-67 (Figure 3c),
indicating that the behaviors of electron−hole separation and
charge transfer are consistent with the photocatalytic hydrogen
production rate. Similarly, electrochemical impedance spec-
troscopy (EIS) shows that the tendency of Nyquist plot radii is
Ru1/UiO-67 > Ru1/UiO-67-m-(NH2)2 > Ru1/UiO-67-o-
(NH2)2 (Figure 3d). Therefore, the primary cause for the
activity difference might be the introduction of amino groups
that gives rise to an enhanced charge separation efficiency and
a reduced charge transfer resistance. Moreover, the closer the
proximity between the −NH2 group and Ru1 sites, the higher is
the photocatalytic H2 production activity observed.
The roles of −NH2 groups around the Ru1 sites in

photocatalytic H2 production have been further decoded.
Generally, the −NH2 groups could interact with H2O
molecules through hydrogen bonds, suggesting that the
incorporation of −NH2 groups is likely to improve water
adsorption of resulting catalysts.41,42 To prove this, the source
of hydrogen produced in the photocatalytic reaction is
identified by mass spectrometry (MS). The results declare
that only H2 (m/z = 2) is detected when H2O is used in the
photocatalytic system, while D2 (m/z = 4) becomes the major
product when H2O is substituted with D2O (Figures 4a,b and
S36), demonstrating that water should be the dominant
hydrogen source. The water vapor adsorption profiles of Ru1/
UiO-67-o-(NH2)2 and Ru1/UiO-67-m-(NH2)2 display a
similar high adsorption amount with Type IV isotherms at
298 K, showcasing a significantly higher adsorption capacity
than Ru1/UiO-67 in the absence of the −NH2 group at P/P0 =
0.91 (Figure 4c). The difference of water vapor adsorption
isotherms between Ru1/UiO-67-o-(NH2)2 and Ru1/UiO-67-
m-(NH2)2 may be attributed to the closer proximity of −NH2
groups and Zr-oxo clusters in Ru1/UiO-67-o-(NH2)2. This
closer proximity gives greater steric hindrance, leading to a
slightly slower adsorption kinetics. Compared to the
adsorption plots, the noticeable hysteresis observed in the
desorption plots may be attributed to irreversible capillary
condensation and the interactions between the adsorbed water
molecules and the binding sites.43 Meanwhile, density
functional theory (DFT) calculations illustrate that the
adsorption energies for one water molecule adsorbed on
Ru1/UiO-67-o-(NH2)2, Ru1/UiO-67-m-(NH2)2, and Ru1/
UiO-67 are −0.458, −0.454, and −0.344 eV, respectively
(Figure S37). The experimental and computational results
jointly demonstrate that the presence of amino groups
improves the water adsorption capability of Ru1/UiO-67-X.
The increased concentration of the substrate (H2O molecule)
caused by the introduction of the −NH2 group in the
photocatalysts would be definitely favorable to the H2
production activity.
Specific peaks at around 3449 and 3670 cm−1, attributed to

the water molecules and −OH groups on Zr-oxo clusters,
respectively, are observed in DRIFTS spectra recording water
adsorption on UiO-67 (Figure S38).30,44,45 Time-dependent
water adsorption and desorption experiments for UiO-67
further confirm the weak interactions between the −OH
groups and water molecules (Figure S39),46 which is observed
in UiO-67-m-(NH2)2 and UiO-67-o-(NH2)2 as well (Figure
S40). Moreover, the vibrational peaks corresponding to the
−NH2 groups in UiO-67-o-(NH2)2 and UiO-67-m-(NH2)2

significantly decrease with the addition of water (Figures 4d
and S41a). These peaks progressively re-emerge when water is
removed through purging with Ar gas (Figures 4e and S41b).
Meanwhile, the 1H NMR results indicate that the chemical
shifts of the active hydrogen atoms from the −NH2 groups on
UiO-67-o-(NH2)2 and UiO-67-m-(NH2)2 gradually blue-shift
with the increased amount of introduced water (Figures S42
and S43).47,48 Given the alteration in the chemical shift
signifies a modification in the electronic surroundings of the
active hydrogen atoms within −NH2 groups, which is
obviously attributed to the formation of hydrogen bonds
between the −NH2 groups and water molecules.49
To further investigate the reason behind the shift to a higher

field for the active hydrogen atoms from the −NH2 group,
controlled experiments have been performed. When the
nitrogen atoms in the −NH2 group serve as proton acceptors
in the hydrogen bonding (accepting a proton from benzyl
alcohol), the active hydrogen atom within these groups
exhibits a decreased chemical shift in 1H NMR spectra (Figure
S44). Conversely, when the −NH2 group acts as a proton
donor and forms hydrogen bonds with benzaldehyde, their
active hydrogen atoms are characterized by an increased
chemical shift (Figure S44). Consequently, the 1H NMR
spectra of active hydrogen atoms in −NH2 groups showcasing
a low chemical shift are attributed to their role as proton
acceptors in the hydrogen bonding with H2O. Overall, the
above DRIFTS spectra for water adsorption and 1H NMR data
unambiguously demonstrate that the −NH2 groups can form
hydrogen bonds with water molecules, as observed in the
previous study,50 generating particular hydrogen-bonding
microenvironment around Ru1 sites, leading to an increased
water adsorption capacity.
DFT calculations have been carried out to investigate the

influence of the distance between the −NH2 group and the Ru1
sites on the photocatalytic activity. The optimal structure of
Ru1/UiO-67-X involving the H2O molecule demonstrates that
three short hydrogen bonds (O−H···O, O−H···N, and O−H···
S) are formed between H2O and Ru1/UiO-67-o-(NH2)2,
whereas only one long hydrogen bond (O−H···O) is
generated between H2O with Ru1/UiO-67-m-(NH2)2 or
Ru1/UiO-67 (Figure S45). Furthermore, the crystal orbital
Hamilton population (COHP) is employed to theoretically
analyze the bonding strength of the H2O molecule with Ru1/
UiO-67-X.51 There are two O−H bonds for the water
molecule around the Ru1 site; for the O−H bond far from
the Ru1 sites, called O−H (far), on Ru1/UiO-67-o-(NH2)2, a
pronounced antibonding signal peak is observed near the
Fermi level in the bonding energy area, indicating that
electrons have occupied the antibonding orbital. This means
that the bond is unstable and easy to break, implying that O−
H (far) on Ru1/UiO-67-o-(NH2)2 possesses a lower
dissociation energy. Meanwhile, the integrated COHP under
the Fermi level (-ICOHP) values of O−H (far) are 1.243,
1.353, and 1.368 eV on Ru1/UiO-67-o-(NH2)2, Ru1/UiO-67-
m-(NH2)2, and Ru1/UiO-67, respectively (Figure S46). The
results reflect that the presence of the amino group can
facilitate the dissociation of H2O, and the very short distance
between the −NH2 group and the Ru1 site gives rise to the
lowest energy of H2O dissociation in Ru1/UiO-67-o-(NH2)2.
In addition, for the O−H bond near the Ru1 site, denoted as
O−H (near), its -ICOHP value on Ru1/UiO-67-X presents
slight differences, with all values around 1.33 eV (Figure S47),
indicating that their O−H dissociation abilities are similar and
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undisturbed by the −NH2 group. Overall, the computational
results further verify that the neighboring −NH2 groups’ close
proximity to the Ru1 sites creates hydrogen-bonding micro-
environment around Ru1 sites, contributing to the acceleration
of water splitting, which is the decisive factor for promoting
photocatalytic hydrogen production.

■ CONCLUSIONS
In summary, single-atom Ru1 sites are anchored onto the Zr-
oxo clusters of UiO-67-X (X = -H, -m-(NH2)2, -o-(NH2)2),
affording Ru1/UiO-67-X, in which the distance between the
Ru1 site and the −NH2 group can be precisely controlled for
photocatalytic H2 production. The −NH2 group introduces
hydrogen-bonding microenvironment around Ru1 sites based
on its hydrogen bonding with the substrate, the water
molecule. Remarkably, Ru1/UiO-67-o-(NH2)2, featuring hy-
drogen-bonding microenvironment in close proximity to the
Ru1 sites, exhibits a very high H2 production rate up to 20.52
mmol g−1 h−1, which has ∼4.6 and ∼146.6 times higher activity
than that of Ru1/UiO-67-m-(NH2)2 and Ru1/UiO-67,
respectively. Both experimental and theoretical results
collectively indicate that the close distance between the
hydrogen-bonding microenvironment and Ru1 sites plays
critical roles in boosting photocatalytic hydrogen production.
This close proximity is favorable to charge transfer and
facilitates H2O dissociation, thereby significantly improving the
activity. This study, for the first time, provides insights into
how the hydrogen-bonding microenvironment around catalytic
metal sites influences photocatalytic hydrogen production.
This work opens a new avenue to the design and synthesis of
efficient photocatalysts by introducing noncovalent interaction
microenvironment around catalytic sites.

■ EXPERIMENTAL SECTION
Materials and Equipment. All chemicals were obtained from

commercial suppliers and used without treatment, unless otherwise
stated. The Rigaku Miniflex 600 X-ray diffractometer, featuring
graphite-monochromatized Cu Kα radiation (λ = 1.54 Å), was
employed for powder X-ray diffraction (XRD) pattern acquisition.
Nitrogen sorption isotherms were measured using a Micromeritics
ASAP 2020 at 77 K. The samples were activated at 150 °C for 12 h
prior to the measurements. Scanning electron microscopy (SEM)
images were captured using a Carl Zeiss Supra 40 SEM. Transmission
electron microscopy (TEM) images were taken on a JEOL-2010 field
emission microscope. The aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) image was obtained using Themis Z. The Talos F200X
instrument, equipped with a Super-X EDX detector and operating at
200 kV, was utilized for HAADF-STEM and energy-dispersive X-ray
spectroscopy (EDS) mapping analyses. The Ru content in the
samples was quantified using an Optima 7300 DV inductively coupled
plasma atomic emission spectrometer (ICP-AES). The 1H nuclear
magnetic resonance (NMR) spectra were recorded on a 400 MHz
Bruker AC-400FT spectrometer. X-ray photoelectron spectroscopy
(XPS) analysis was conducted on an ESCALAB 250 X-ray
photoelectron spectrometer using monochromatized Al Kα radiation.
The steady-state photoluminescence (PL) spectra were measured
using a Hitachi FL-4600 fluorescence spectrometer with the excitation
wavelength at 320 nm. For the PL measurements, 2 mg of the catalyst
was dispersed ultrasonically in 6 mL of H2O. The mass spectra (MS)
were carried out using a Hiden HPR40 differential electrochemical
mass spectrometry (DEMS) system equipped with a gas inlet
detector. All species employed an ionization energy of 70 eV
alongside an emission current of 1000 μA. The rate of hydrogen
production was determined using a gas chromatograph (GC,
Shimadzu 2014) equipped with a thermal conductivity detector

(TCD) and using argon as the carrier gas. X-ray absorption
spectroscopy (XAS) analyses of all samples were conducted at the
station of BL14W1 of the Shanghai Synchrotron Radiation Facility
(SSRF) and data were analyzed using the Athena and Artemis
software packages. Water vapor adsorption kinetics were obtained
using a BSD-VVS (vacuum vapor sorption) gravimetric analyzer
[Beishide Instrument Technology (Beijing) Co., Ltd.] under a
constant humidified airflow at 25 °C.
Synthesis of UiO-67. UiO-67 was synthesized from the reported

literature with modifications.34 Typically, 150 mg of ZrCl4, 156 mg of
4,4′-biphenyldicarboxylic acid (H2BPDC), 10 mL of DMF, 1.85 mL
of acetic acid (CH3COOH), and 0.75 mL of deionized water were
added to a 50 mL round-bottomed flask. Upon ultrasonic dissolution,
the mixture was stirred at 120 °C for 30 min in an oil bath. After
cooling down to room temperature, the product was washed three
times with DMF and acetone.
Synthesis of UiO-67-m-(NH2)2. UiO-67-m-(NH2)2 was synthe-

sized from the reported literature with modifications.34 Typically, 150
mg of ZrCl4, 39 mg of H2BPDC, 131.6 mg of H2BPDC-m-(NH2)2, 10
mL of DMF, 1.85 mL of CH3COOH, and 0.75 mL of deionized water
were added to a 50 mL round-bottomed flask. Upon ultrasonic
dissolution, the mixture was stirred at 120 °C for 30 min in an oil
bath. After cooling down to room temperature, the product was
washed three times with DMF and acetone.
Synthesis of UiO-67-o-(NH2)2. UiO-67-o-(NH2)2 was synthe-

sized from the reported literature with modifications.34 Typically, 150
mg of ZrCl4, 78 mg of H2BPDC, 87.7 mg of H2BPDC-o-(NH2)2, 10
mL of DMF, 1.85 mL of CH3COOH, and 0.75 mL of deionized water
were added to a 50 mL round-bottomed flask. Upon ultrasonic
dissolution, the mixture was stirred at 120 °C for 30 min in an oil
bath. After cooling down to room temperature, the product was
washed three times with DMF and acetone.
Synthesis of Ru1/UiO-67-X (X = -H, -m-(NH2)2, -o-(NH2)2).

Typically, 100 mg of UiO-67-X (X = -H, -m-(NH2)2, -o-(NH2)2) and
2.5 mg of RuCl3 were added to a 10 mL microwave vessel, followed
by the addition of 4 mL of acetonitrile. The mixture underwent
ultrasonic dispersion before being rapidly heated to 85 °C using
microwave assistance, where it was maintained with continuous
stirring for 30 min. After cooling down to ambient temperature, the
solid product was isolated through centrifugation and subjected to
three successive washes with DMF and acetone. After drying at 85 °C
in an oven, 100 mg of the sample obtained above and 200 mg of
thioacetamide were added to 4 mL of DMF. The mixture was then
stirred at 120 °C for 1 h under nitrogen protection. After cooling to
room temperature, the sample was washed three times with DMF and
acetone, respectively, and dried under vacuum at room temperature.
Photoelectrochemical Measurements. Photocurrent measure-

ments were conducted using a CHI760E electrochemical workstation
(Chenhua Instrument, Shanghai, China) within a conventional three-
electrode system. For these experiments, 2 mg of the photocatalyst
was dispersed in a solution containing 1 mL of ethanol and 10 μL of 5
wt % Nafion solution. The working electrode was prepared by
applying a 60 μL aliquot of this mixture onto the surface of an indium
tin oxide (ITO) plate, covering an area of 2 cm2. A platinum plate
served as the counter electrode, while an Ag/AgCl electrode was
utilized as the reference electrode. The electrolyte solution consisted
of 0.1 M Na2SO4. Visible light irradiation was provided by a 300 W
xenon lamp equipped with a cutoff filter (λ > 380 nm). Photocurrent
responses were recorded under intermittent illumination, with a bias
potential of +0.5 V applied to the samples. The EIS and Mott−
Schottky plot measurements were carried out using a Zahner
Zennium electrochemical workstation, set up with a standard three-
electrode configuration. In a typical preparation, 3 mg of the
photocatalysts were dispersed in a mixture containing 10 μL of 5 wt %
Nafion and 1 mL of ethanol. This mixture was then applied (20 μL)
onto a glassy carbon electrode (Φ = 3 cm) to serve as the working
electrode. A platinum plate and an Ag/AgCl electrode were employed
as the counter and reference electrodes, respectively. The electrolyte
solution consisted of 0.1 M Na2SO4. The EIS measurements were
conducted at a fixed bias potential of −1.5 V under visible light
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irradiation (λ > 380 nm). The Mott−Schottky plots were obtained at
frequencies of 1000, 2000, and 3000 Hz.
Photocatalytic Hydrogen Production. Photocatalytic hydrogen

production was carried out in a 160 mL optical reaction vessel
(Beijing Perfectlight Technology Co., Ltd., China) at room
temperature with continuous stirring. Typically, 5 mg of the
photocatalyst was suspended in a solvent mixture consisting of 18
mL of acetonitrile, 2 mL of triethylamine (TEA), and 0.2 mL of
deionized water, unless otherwise stated. The mixture was thoroughly
mixed to achieve a homogeneous suspension, which was then stirred
and purged with nitrogen for approximately 10 min to remove the air.
Visible light irradiation was provided by a 300 W xenon lamp, fitted
with a UV cutoff filter (λ > 380 nm). Circulating water was used
throughout the reaction to maintain a steady temperature of
approximately 25 °C. To measure hydrogen production, 200 μL
samples of the headspace were periodically withdrawn and analyzed
using a gas chromatograph (Shimadzu GC-2014 with argon as the
carrier gas) equipped with a thermal conductivity detector (TCD).
The hydrogen concentration was determined using a calibration curve
based on an internal hydrogen standard.
DRIFTS Spectrum Measurements. The diffuse reflectance

infrared Fourier transform spectroscopy (DRIFTS) spectra for CO
adsorption were acquired using a Nicolet iS10 spectrometer equipped
with a MCT detector. The typical procedure involved heating the
samples first to 120 °C for 30 min under an argon gas purge. This step
was essential for removing any water from the sample surfaces. Once
the samples were cooled down to ambient temperature, a background
signal was recorded at room temperature. Subsequently, CO gas was
let in and the DRIFTS spectra for CO adsorption were taken in the
range of 4000−1100 cm−1, continuing until the point of CO
adsorption saturation was reached. To obtain the final chemisorption
of the CO signal spectra, any physically adsorbed CO was purged
away from the samples using argon gas. The typical procedure for
collecting the DRIFTS spectra of H2O adsorption and desorption was
conducted using the Nicolet iS10 spectrometer. Initially, the sample
was heated to 120 °C under an argon gas purge and maintained at this
temperature for 30 min to remove H2O from the MOF pores. After
cooling down to room temperature, the background signal was
recorded. Subsequently, the sample was treated with argon gas
carrying H2O to introduce moisture into the samples, with the spectra
being collected every 5 min for a duration of 45 min. Finally, the
samples were purged with argon gas to remove H2O, and the signals
were recorded at 5 min intervals for another 45 min.
Computational Details. DFT calculations were performed using

the Vienna ab initio simulation package (VASP).52,53 The generalized
gradient approximation (GGA) of the Perdew−Burke−Ernzerhof
(PBE) form was used to describe the exchange−correlation
functional,54 while the projector-augmented wave (PAW) potentials
were employed to illustrate the electron−ion interactions.55,56 The
van der Waals interactions were described by using the DFT-D3 (BJ)
method.57 Coulomb and exchange interactions were adjusted by using
the PBE + U method, with U = 4.0 and 3.0 eV for the 4d orbital of Zr
and Ru, respectively.58,59 A single Γ-center k-point grid was performed
using spin polarization in all calculations. The convergence criteria for
self-consistent energy and Hellmann−Feynman force were 10−5 eV
and 0.03 eV Å−1, respectively, with a plane-wave cutoff energy of 520
eV. The crystal orbital Hamilton population (COHP) analysis was
performed using Lobster.60
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