Published on 03 February 2025. Downloaded on 10/22/2025 6:34:57 AM.

™ L OVAL SOCIETY
Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

m Checkforupdates‘ Encapsulated ruthenium sites in reaction
microenvironment-regulated UiO-66 for stable
acetylene hydrochlorinationt

Cite this: Nanoscale, 2025, 17, 5181
Digao Chai,? Qidi Liu,? Yunsheng Dai,” Yongsheng Xu, 2 *@ Yu Zi,? Shuo Yang,®
Yanzhao Dong,? Dongyang Xie,? Jinli Zhang (2 *¢ and Haiyang Zhang (2 *@

Ruthenium (Ru)-based catalysts have been recognized as potential substitutes for mercury in the hydro-
chlorination of acetylene due to their high initial activity and low cost. However, rapid deactivation limits
their industrial application and the agglomeration of active sites is considered as one of the main reasons
for deactivation. To overcome this challenge, in this work, we introduced a thermally stable metal-
organic framework to encapsulate Ru sites into regular channels successfully, thus enhancing the dis-
persion of Ru sites. To decrease the diffusion resistance caused by the channels, we partly substituted —H
groups with —OH groups in the channels to change the reaction microenvironment. After characterization
and simulation, we demonstrated that both the encapsulation strategy and channel regulation were ben-
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deactivation rate below 0.02% h™* even when the gas hourly space velocity was at a high level (540 h™3).
This work provides a new insight into inhibition of the deactivation of Ru-based catalysts in acetylene
rsc.li/nanoscale hydrochlorination via introducing skeleton materials with regular channels.
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However, mercury is highly toxic and leakage during pro-
duction can cause harm to humans and the surrounding
environment. With the signing of “The Minamata Convention
on Mercury”, the substitution of mercury-based catalysts is an
inevitable trend. Therefore, it is urgent to develop a green and
efficient mercury-free catalyst for the production of the PVC
monomer. In the past decades of research, catalysts loaded
with Au sites have been found to be extremely active and selec-
tive in acetylene hydrochlorination reactions. Thus, gold-based
catalysts are regarded as the most likely green alternatives to
replace HgCl,. With more research on gold-based catalysts, it
has been found that gold-based catalysts are easily
deactivated.”® Au®" with catalytically active components is
easily reduced to Au’ thus decreasing the catalytic activity.
More importantly, the high price of Au (more than $2700 per
ounce) is not favorable for the advancement of industrializ-
ation. Therefore, researchers have shifted their focus to other
cheap metals to develop another efficient and low-cost catalytic
system. As early as 1988, Hutchings et al. found that ruthe-
nium chloride catalysts had a high initial activity by compar-
ing the activity of various metal chlorides.'® Meanwhile, due to
the low cost (nearly $470 per ounce), Ru-based catalysts have
been gradually recognized as a mercury-free candidate for the
hydrochlorination of acetylene. After analyzing the mecha-
nism, it was found that Ru-based catalysts had a high acti-
vation capacity for hydrogen chloride, thus exhibiting high
initial activity.'*™**

However, it has been noted that when Ru-based catalysts
were applied in this catalytic system, the relative deactivation
rate was high.">” That is, the Ru-based catalyst suffers from
severe deactivation. Due to the irregular pore structure of com-
mercial activated carbon, it is difficult to anchor Ru species to
obtain high dispersion. Therefore, the Ru sites are easy to
agglomerate during the reaction process, thus decreasing the
catalytic activity. In order to solve this challenge, researchers
have made a series of strategies to modify Ru sites or the
support. Hou et al®® doped nitrogen sites into activated
carbon via pyrolyzing 2-melamine at high temperature, and
the N-dopants formed on the surface of activated carbon can
increase the dispersion of Ru sites. Wang et al.>° designed a
Ru-N coordination structure by introducing ligands to obtain
a single-atom dispersion, thus exhibiting excellent stability.
Although these strategies both enhance the catalytic activity
after optimizing the dispersion of Ru, there are still some chal-
lenges to overcome. The modification of the support is usually
performed at high treatment temperatures, while the organic
ligands coordinating with Ru species are also unstable during
the reaction. Considering the regular and adjustable pore
channels of metal-organic frameworks (MOFs),>** it has
great advantages in limiting the agglomeration of active sites
through encapsulating active sites into the channels of the
MOF. Xu et al.*® encapsulated Ru nanoparticles in a UiO-66
skeleton to maintain the high dispersion of Ru nanoparticles
and the obtained catalyst showed a high conversion rate for
CO, methanation. However, due to the pore size being less
than 5 nm, the diffusion resistance must increase in the con-
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tinuous reaction system when the MOF is introduced into the
catalyst. Besides, for acetylene hydrochlorination, the thermo-
stability of the MOF must be considered.

Based on the challenges of Ru-based catalysts in acetylene
hydrochlorination and the advantages of MOF materials, in
this work, we selected a thermostable MOF named UiO-66 and
then tried to encapsulate the Ru sites into the channels to
enhance and stabilize the dispersion of Ru sites before and
after reaction. Also, considering the diffusion resistance from
the channels, we employed two organic linkers containing -H
groups and -OH groups in the preparation of the MOFs to
modify the reaction microenvironment around the Ru sites.
Then, the obtained catalysts were evaluated in a fixed-bed
reactor to compare and analyze the catalytic performance.
Combined with the characterization of the fresh and used cata-
lysts and the relative density functional theory (DFT) simu-
lation, the reaction mechanism was also investigated. This
work provides a new insight into inhibition of Ru-based cata-
lyst deactivation via skeleton materials with regular channels.

2. Experimental and theoretical
method
2.1 Materials

Activated carbon (simplified as AC, 40-60 mesh) was pur-
chased from Fujian Sensen Activated Carbon Industry Science
and Technology Company. RuCl;-3H,0 (99%), terephthalic
acid, 2-hydroxyterephthalic acid, N,N-dimethylformamide
(DMF), and zirconium(iv) chloride (purity 99.8%) were all pur-
chased from Shanghai Adamas Company. The experimental
gases including HCl, C,H,, helium, and nitrogen (99.99%)
were purchased from Shihezi Hongsheng Standard Gases Ltd.
All the materials and reagents were used without further
purification.

2.2 Preparation of the catalyst

Zr-based MOF. 417 mg of ZrCl, was weighed and dissolved
in 20 mL of DMF:HCI (1 mol L™") (5:1, v/v) solution. After
stirring for 20 min, 0.3828 mg of terephthalic acid and 33 mL
of DMF solution were added and stirred for another 20 min.
The resulting solution was transferred to a 100 mL hydro-
thermal reactor, and the hydrothermal kettle was placed in an
oven at 120 °C for continuous heating for 24 h. Afterwards, the
solution was washed repeatedly with DMF solvent and filtered.
Finally, the obtained substance was dried in a blast oven at
120 °C for 24 h to obtain UiO-66 crystals. UiO-66-OH was syn-
thesized as above, except that terephthalic acid was replaced
with 0.419 mg of 2-hydroxyterephthalic acid.

Baseline catalyst. 0.182 g of RuCl;-3H,0 was dissolved in
35 mL of anhydrous ethanol and stirred continuously for
20 min. Then, 6 g of AC was added to the above solution and
stirred for 12 h. Immediately, the above mixture was placed in
a water bath at 70 °C for 12 h. Finally, it was placed in a
vacuum drying oven at 110 °C and dried for 24 h. The obtained
baseline catalyst was denoted as Ru/AC.

This journal is © The Royal Society of Chemistry 2025
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Ru-based catalysts with the MOF. The precursor RuCl; was
first dissolved in deionized water. Then, 0.4 g of UiO-66 was
added to the mixture and agitated for 2 h. After that, 3 g of AC
was added under stirring and the mixture was kept for 4 h.
Subsequently, the sample was incubated at 70 °C for 12 h and
desiccated at 120 °C for 12 h to obtain the final catalyst,
denoted as Ru@UiO-66/AC. The catalyst Ru@UiO-66-OH/AC
was prepared as above.

2.3 Catalyst characterization

Transmission electron microscopy (TEM) was conducted using
an FEI Tecnai F20. The samples were dispersed in ethanol and
supported on carbon-film-coated 200 copper grids before TEM
characterization. X-ray photoelectron spectra (XPS) were
recorded on a Thermo ESCALAB 250XI system to determine
the valence states of different Ru species on the catalysts. The
binding energy was calibrated with respect to the C 1s (284.80
eV). Nitrogen adsorption-desorption isotherms were obtained
at 77 K using a Macklin ASAP 2460C surface area and porosity
analyzer. Fourier transform infrared spectrometry (FTIR) of the
catalysts was performed using a Bruker Vertex70 FT-IR spectro-
photometer with a DTGS detector. Temperature-programmed
desorption (TPD) experiments were conducted using a
Quantachrome ChemBET PULSAR TPR/TPD to investigate the
adsorption capacity of the catalysts for reactants and products.
The sample loading mass was 120 mg. The sample was first
pre-treated under C,H, and HCI atmospheres, respectively, for
4 h at the reaction temperature (180 °C), and then pure helium
was passed through the samples for 10 min. After that, the
samples were heated from 35 °C to 850 °C at a heating rate of
10 °C min~". The flow gas was helium with a flow rate of
100 mL min~". Thermogravimetric analysis (TGA) was carried
out using a Netzsch STA 449 F5 under a nitrogen atmosphere
at a flow rate of 100 mL min~" with a heating rate of 10 °C
min~". Inductively coupled plasma emission spectrometry
(ICP-OES) was used to measure the content of Ru in the cata-
lysts with an Agilent ICP-OES730.

2.4 Catalyst evaluation

Catalyst tests were carried out in a fixed-bed microreactor (i.d.
of 10 mm) for acetylene hydrochlorination. The volume of the
catalyst was fixed at 3 mL. Before the reaction, nitrogen was
used to remove water and air and HCI was passed through the
reactor to activate the catalyst at a flow rate of 30 mL min™*
and a temperature of 180 °C for 30 min. Then, the reactants
containing C,H, and HCI were fed through the filter and the
reaction temperature maintained at 180 °C. The effluent from
the reactor was passed into NaOH solution, followed by ana-
lysis using a GC-2014C gas chromatograph.

The acetylene conversion (X,), the selectivity to VCM (Syc)
and the deactivation rate (K4) were calculated using the follow-
ing equations:

Xa = (¢a, — ®a)/da, x 100% (1)

Sve = ¢vc(1 — (/)A) x 100% (2)

This journal is © The Royal Society of Chemistry 2025
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Ka = (Xapy = Xap, )/ T x 100% (3)

where ¢, is defined as the volume percentage of C,H, in
the reaction gas; ¢, is defined as the volume percentage of
remaining C,H, in the product gas; ¢y is the volume percen-
tage of VCM in the product: X, _ is the highest conversion
rate; X, . is the lowest conversion rate; and T is the reaction
time.

2.5 Calculation details

The density functional theory (DFT) calculations were carried
out using Materials Studio. The structural optimization
was performed using the Dmol3 module in Materials Studio,
and the Becke-Lee-Yang-Parr (BLYP) functional within gener-
alized gradient approximation (GGA) was used to process
the exchange-correlation,** which was utilized to describe the
expansion of the electronic eigenfunctions. All atoms
were fully relaxed until the force, displacement, and energy
were less than 0.002 Ha A™, 0.005 A, and 107° Ha, respect-
ively.>® The charge density preprocessing option was enabled
and the maximum value of Subspace Iterative Inverse (DIIS)
was set to 6 to significantly improve self-consistent field
convergence.

The adsorption energy and formation energy (E) of a
complex formed between two molecules, A and B, can be cal-
culated using the following equation:

E= Ecomplex - (EA +EB) (4)

where Ecomplex 1S the total energy of the molecular complex of
A and B, E, is the energy of component A, and Ep is the energy
of component B.

3. Results and discussion
3.1 Characterization of catalysts

To inhibit the agglomeration of Ru sites, the Zr-based MOFs
were prepared via a traditional hydrothermal method and then
introduced into the Ru-based catalyst system. Considering the
diffusion resistance of reactants from the channels of the
MOF, we selected two organic linkers including terephthalic
acid (without -OH in the channels, the relative MOF is marked
as UiO-66) and 2-hydroxyterephthalic acid (with abundant
-OH in the channels, the relative MOF is marked as UiO-66-
OH) to change the microenvironment of the channels. The
structures of pristine UiO-66 and UiO-66-OH were confirmed
by X-ray diffraction (XRD). The XRD patterns display the same
diffraction peaks at 26 values of 7.3° and 8.5° (Fig. 1a), agree-
ing well with the (111) and (200) planes of simulated UiO-66.%°
No diffraction peaks of other impurities were present in the
pattern of UiO-66-OH, indicating the pure phase of UiO-66. To
further confirm the formation of the UiO-66 structure, nitro-
gen adsorption-desorption isotherms were obtained. It is
shown that UiO-66 and UiO-66-OH have high specific surface
areas, whose values reach 749 and 794 m” g™, respectively
(Fig. 1b). Then we tried to encapsulate the Ru sites into the

Nanoscale, 2025,17, 5181-5190 | 5183


https://doi.org/10.1039/d4nr04506h

Published on 03 February 2025. Downloaded on 10/22/2025 6:34:57 AM.

Paper

View Article Online

Nanoscale

o
o
2
]

= 1000

Intensity (a.u.)

Uio-66 400

©
>
el
(9]
2 600
o]
(72}
<
Ui0-66-OH 2004

UiO-66-OH
Uio-66

0= T T T . T
00 02 04 06 08 10
Relative pressure (P/P,)

d e f
R =09 0.88
S X 0.79
s H
= 0.6+
2] £
c i)
] Ru@UiO-66/AC ®
k= Ru@UIO-66-OHIAC| 2 5|
50.
14
y p . y 0.0 _ _
20 40 60 80 Ru@UiO-66/AC Ru@Ui0-66-OH/AC
2-Theta (°)
1 22130
g Ru® Ru@UIiO-66-OH/AC 1.24 Ru@Ui0-66-OH/AC | RuO,
——Ru™ (1<m<3) Ru@UiO-66/AC 22128 .
—_ Ru* Y ovs {0 1.0{—Rufoil
3 : S |/ RO, \k 22126
8 0.8+ e RU@UIiO-66-OH/AC
> 3 > 22124+ ¥
B N 0.6 @ v
g:g g 04l WP 221221 Ru@UIO-66/AC
= 5 221201
Z 0.2
22118+
o ‘ ‘ 0.01— ' ' . 29118 * Ru foil
470 465 460 22100 22120 22140 22160 0 1 2 3 4

Binding Energy (eV)

Energy (eV)

Chemical state

Fig. 1 Characterization of metal-organic frameworks: (a) XRD patterns and (b) FTIR spectra; (c) HADDF-TEM image and (d) relative elemental
mapping images of the fresh Ru@UiO-66-OH/AC catalyst; (¢) XRD patterns and (f) Ru content determined by ICP-OES of fresh Ru@UiO-66/AC and
Ru@UiO-66-OH/AC; (g) Ru 3p XPS spectrum of Ru@UiO-66-OH/AC; (h) XANES spectra of Ru@UiO-66-OH/AC and Ru@UiO-66/AC; (i) edge energy

of Ru catalysts.

channels of these two MOFs to decrease the agglomeration of
active sites during the reaction, so the Ru precursor was mixed
with the MOF first. To clarify the contribution of the channels
from the MOF, the pore distributions of the pristine MOF and
the relative Ru-based catalysts were analyzed (Fig. S17). It was
found that the contribution of the MOF in the Ru-based cata-
lysts is mainly the micropores, whose sizes range from 1 to
2 nm. To further confirm the location of the Ru sites, the dis-
persion of Ru sites in the baseline catalyst was first analyzed
through high-angle annular dark-field transmission electron
microscopy (HAADF-TEM). As shown in Fig. S2,f there are
obvious bright spots with an average size of 1.12 + 0.31 nm,
suggesting that the Ru sites easily aggregate during the prepa-
ration when activated carbon is used as the only support.
However, when the MOF is introduced into the preparation of
the catalyst, there is no obvious aggregation of Ru species
(bright spots) at the region of activated carbon or at the bound-
ary of the MOF (Fig. 1c and S37). Taking Ru@UiO-66-OH/AC as
an example, the elemental mappings of Zr and Ru (Fig. 1d)
and the overlap image of the elemental mappings (Fig. S47)

5184 | Nanoscale, 2025, 17, 5181-5190

were analyzed. It was found that the distribution of the Ru
element is close to that of the Zr element, suggesting that the
Ru sites are mainly encapsulated by the channels of the MOF.
Based on the above analysis, we conclude that the Ru sites are
encapsulated into the channels of the MOF. This high dis-
persion of Ru sites is also determined by XRD (Fig. 1e), where
no metallic Ru species were detected in the Ru@UiO-66-OH/
AC and Ru@UiO-66/AC samples. After analyzing the results of
ICP-OES (Fig. 1f), both Ru-based catalysts with MOFs intro-
duced have similar loadings. From the Ru 3p region (Fig. 1g,
Fig. S5, S6 and Table S17), we analyzed the chemical state of
the Ru-based catalysts with MOFs introduced. The ratios of
non-metallic Ru species (except Ru®) in both Ru@UiO-66-OH/
AC and Ru@UiO-66/AC are more than 85%. Furthermore, we
employed XANES spectra to analyze the average oxidation state
of Ru (Fig. 1h). After calculating the edge energy (E,, Fig. 1i), it
is illustrated that the average oxidation states of Ru in both
Ru@UiO-66-OH/AC and Ru@UiO-66/AC are close, whose
values are nearly 2.3. Both the results of XPS and XANES
suggest that Ru sites mainly exist in a high valence state after

This journal is © The Royal Society of Chemistry 2025
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the MOF is introduced, which is consistent with the results
from the XRD pattern.

3.2 Catalytic performances

The catalytic performances of the prepared catalysts in the
acetylene hydrochlorination reaction were evaluated and com-
pared in a fixed-bed reactor under the same conditions. As a
reference, the AC-loaded Ru catalyst and the relative support
were both compared under the same reaction conditions in
this evaluation system. To investigate the catalytic role of the
residual Zr element, we first evaluated UiO-66/AC, UiO-66-OH/
AC and AC in control experiments for acetylene hydrochlorina-
tion. In the three experimental GHSVs (180 h™, 360 h™" and
540 h™"), the activities of the above three catalysts are similar
and less than 25%, suggesting that the Zr sites play a weak role
in acetylene hydrochlorination (Fig. 2a-c). However, when Ru
sites are introduced into the support, both activities are sig-
nificantly improved. Compared with the baseline catalyst, both
Ru@UiO-66/AC and Ru@UiO-66-OH/AC show higher activity
and stability, suggesting that the encapsulation of Ru sites
plays a positive role in acetylene hydrochlorination. In particu-
lar, the Ru sites in the channel with -OH functional groups
exhibit the highest conversion of 97.95%, suggesting that the
microenvironment around the Ru sites is still a key factor in
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the reaction. Also, it is noted that the selectivity for VCM in
both these supports and catalysts is close to 100% (Fig. S77).
With increasing GHSV (Fig. 2b and c), there is an obvious
decrease in activity over the baseline catalyst while
Ru@UiO-66-OH/AC still shows high and stable catalytic per-
formance. For instance, the conversion of acetylene still
remains 92.27% at a GHSV of 540 h™', which is over 40%
higher than that of the baseline catalyst under the same con-
ditions. In contrast, the stability of Ru@UiO-66/AC is poor
under these high GHSV conditions. Furthermore, to investi-
gate the dominant active sites of Ru species in Ru@UiO-66/AC
and Ru@UiO-66-OH/AC, the relationship between the chemi-
cal state of Ru species and conversion is determined (Fig. S87).
It is found that the conversion obtained at a GHSV of 180 h™*
exhibits a linear relationship with the ratio of high-valent Ru
species (Ru’*, Ru*" and Ru™), suggesting that high-valent Ru
species in both Ru-based catalysts play a dominant role in this
reaction.'® Apart from the conversion of acetylene and selecti-
vity for VCM, we also introduced a descriptor, that is de-
activation rate,’” to analyze the stability of the catalysts quanti-
tatively. As shown in Fig. 2d, Ru@UiO-66-OH/AC always has a
high stability, and the deactivation rates are both lower than
0.025% h™" even when the GHSV is at a high level (540 h™").
Based on these results, we demonstrate that the encapsulation
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Reaction conditions: temperature = 180 °C and Vyci/Vc, 1, = 1.15.
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strategy for Ru sites and then the modification with -OH
groups around the Ru sites both enhance the activity and
stability in acetylene hydrochlorination.

3.3 Mechanism investigation

To clarify the role of UiO-66 in the Ru-based catalyst during
the reaction, the properties of the used catalyst were investi-
gated and analyzed. The dispersion of Ru sites in the used cat-
alysts was performed by TEM. For the Ru@UiO-66-OH/AC cata-
lyst, the structure of UiO-66-OH remains almost the same as
that in the fresh catalyst (Fig. 3a). This indicates that the struc-
ture of UiO-66 remains stable during the reaction, agreeing
well with the thermogravimetry/differential thermogravimetry
(TG/DTG) curves of the fresh catalysts (Fig. S9t). As expected,
the relative elemental mapping indicates that after the reac-
tion, Ru species are still well dispersed with the Zr element,
further suggesting that the Ru sites are encapsulated in the
channels of the MOF (Fig. 3b). No obvious agglomeration of
Ru sites illustrates the advantage of the encapsulation strategy.
In contrast, the size of Ru sites in the baseline catalyst
increases to 1.61 + 0.43 nm after the reaction, demonstrating
the agglomeration of Ru sites (Fig. S10t). The same results can
also be obtained when the MOF is changed to UiO-66
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(Fig. S11%). That is, the introduction of the MOF is beneficial
for inhibiting the agglomeration of Ru species during the reac-
tion due to the confinement provided by the unique pore
structure. XRD patterns are analyzed to further confirm
whether the active sites are aggregated in the catalysts (Fig. 3¢
and Fig. S12}). Compared with the fresh catalysts, the peak
intensity of the used catalyst remained almost unchanged.
There are only (002) and (101) peaks associated with the
carbon carrier with no new characteristic peaks of metal Ru
observed. Based on this stable dispersion of active sites, the
deactivation rate decreases obviously.

Considering the extra channels introduced by the MOF, it is
speculated that the coke deposition formed in the channels
might affect the deactivation. To quantitatively determine the
content of coke deposition, TG/DTG curves for fresh and used
catalysts were employed (Fig. S13 and S14+). It is noted that all
the values of coke deposition can be quantitatively calculated
through the mass loss of the fresh and spent catalysts within
the temperature range of 150-475 °C. We can see that before
the addition of UiO-66 crystals, the coke deposition in the
baseline catalyst Ru/AC is up to 8.4% (Fig. 3d). In contrast, the
coke depositions of Ru@UiO-66/AC and Ru@UiO-66-OH/AC
after the addition of UiO-66 are significantly reduced to 2.3%
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Fig. 3 (a) HADDF-TEM image and (b) relative elemental mapping of the used Ru@UiO-66-OH/AC catalyst; (c) XRD patterns of the used
Ru@UiO-66/AC and Ru@UiO-66-OH/AC; (d) coke deposition analysis for the prepared catalysts.
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and 1.8%, indicating that the addition of UiO-66 crystals has a
significant inhibitory effect on coke deposition.

As we all know, the formation of coke results from acety-
lene. Also, the activity of the catalyst depends on the adsorp-
tion behavior of reactants. In this work, we introduce the MOF
to create a stable dispersion of Ru sites as well as change the
microenvironment around the Ru sites, enhancing the activity
and stability of the Ru-based catalytic system. Therefore, it is

View Article Online

Paper

speculated that in the Ru-based catalyst with the MOF intro-
duced, the adsorption of reactants might change compared
with the baseline catalyst. To reflect the adsorption and de-
sorption behavior of the reactants involved, temperature-pro-
grammed desorption (TPD) with a reaction atmosphere was
employed for both catalysts. Considering the pyrolysis of the
MOF at high temperature, we first employed TPD under a
helium atmosphere (He-TPD, Fig. S15%). In the He-TPD pro-

J0.0005 0 min

] 0.0005 0 min

N
o

a Ru@UIO-66/AC Hl b Ru@Ui0-66-OH/AC ch
404 Ru@UiO-66-OH/AC 40 Ru@UiO-66/AC
- Ru/AC 447 —— Ru/AC
5 apl 35 304
= 30 a1 = 30 375
> >
=" 20 @ 201
c c 420
I3 55 5 :
£ 101 292 3|38 £ 10+ 456
463 "/—M
0- 0-
200 400 600 800 200 400 600 800
Temperature (C) Temperature (C)
80+
d Jo.000s 80 min 0-0.03 € 0.0001
-
M — RU@UIO-66/AC
£ 604 Ru@UiO-66-OH/AC
; E
=5 = Al ©
E[ £ - S%0 £
=} =| PN =40
o | © 9 M
El £ bl 590 0 18 5
k= = /‘ o I " -os
©
Jo)
0’

3400 3300 3200 3100 3000 3400 3300 3200 3100 3000

Wavenumber (cm™)

Intensity (a.u.)

Wavenumber (cm™')

f 00
— . =~ p—
S
L.05 ‘
>
o
[0}
& -1.0
C
o
o
515
[72]
©
< [ Hel
-2.04 cH,
-H -OH RuCl, RuCl,  RuClL-H RuCl,-OH

Fig. 4 (a) HCL-TPD and (b) C,H,-TPD profiles of Ru@UiO-66-OH/AC, Ru@UiO-66/AC and Ru/AC; in situ DRIFTS over (c) Ru@UiO-66-OH/AC and
(d) Ru@UiO-66/AC; (e) intensity profiles of Ru@UiO-66-OH/AC and Ru@UiO-66/AC; (f) adsorption energies of C,H, and HCl on the ligands in MOF

and the relative Ru sites.
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files, two obvious peaks appear around 400 and 600 °C,
respectively, which arise from the pyrolysis of the MOF. Based
on the results of He-TPD, we confirmed that Ru-based catalysts
with MOFs introduced show a strong adsorption capacity for
both reactants, compared with the baseline catalyst (Fig. 4a
and b). The high concentration of HCI over local Ru sites is
beneficial for enhancing the reaction rate. In particular, C,H,
molecules are more easily desorbed over Ru@UiO-66-OH/AC,
inhibiting the rate of acetylene polymerization. The low rate of
acetylene polymerization could decrease the coke deposition
over Ru sites, agreeing with the results of coke deposition ana-
lysis (Fig. 3d). Also, the TPD under an NH; atmosphere (NH;-
TPD, Fig. S161) for Ru@UiO-66/AC and Ru@UiO-66-OH/AC
was employed to illustrate whether the MOF introduced affects
the strong acidity of the Ru-based catalysts. Compared with
Ru@UiO-66/AC, Ru@UiO-66-OH/AC has fewer strong-acidic
sites, which is attributed to the peak around 381 °C.*® This
result suggests that the Ru sites encapsulated by UiO-66-OH
are more stable during the reaction, agreeing well with the
catalytic performance. The in situ diffuse reflectance infrared
Fourier transform spectroscopy (in situ DRIFTS) over the
surface of Ru@UiO-66-OH/AC and Ru@UiO-66/AC was con-
ducted to verify the adsorption and diffusion of reactants. HCl
and C,H, were introduced into the reaction cell with a volume
ratio of 1.15 and the spectra were obtained at 180 °C in an
80 min experiment. In the Ru@UiO-66-OH/AC and
Ru@UiO-66/AC systems (Fig. 4c and d), these two character-
istic peaks at around 3250 and 3310 cm ™" exist in the obtained
spectra, which are both attributed to adsorbed acetylene mole-
cules.*® To quantitatively investigate the adsorption behavior
and diffusion of reactants under reaction conditions, the
intensity profile of the peak at 3250 cm™" is shown in Fig. 4e.
With the -OH group introduced into the channel, the acety-
lene molecules are more rapidly adsorbed onto the Ru sites,
suggesting lower diffusion resistance of acetylene from the
reaction bulk to the active sites. The results demonstrate that
the modification of the microenvironment around Ru sites is
beneficial for enhancing the activity of acetylene
hydrochlorination.

In order to further investigate the effect of the introduction
of the -OH group in the channel of UiO-66, we first selected
two organic ligands including terephthalic acid (simplified as
-H) and 2-hydroxyterephthalic acid (simplified as -OH). The
—-OH model has lower adsorption energy for HCl molecules,
suggesting that the linker with hydroxyl groups in the MOF is
able to provide more adsorption sites for HCl (Fig. 4f and
S17t). Furthermore, considering the coordination environ-
ment around Ru as the primary factor for the catalyst’s per-
formance, two types of Ru species, namely RuCl, and RuCls,
were selected and we then calculated the formation energies
between the ligands and RuCl, and Ru species to determine
the stable structure after coordination (Fig. S18%).
Interestingly, both ligands coordinated with RuCl, (simplified
as RuCl,-H and RuCl,-OH) have a lower formation energy
compared with the structure coordinated with RuCls,
suggesting a more favorable coordination structure. Therefore,
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we take the model coordinated with RuCl, as an example to
determine the adsorption behavior of reactants over the co-
ordinated Ru sites. As a reference, the uncoordinated Ru
species (RuCl, and RuCl) are also investigated (Fig. S197).
Compared with RuCl, and RuCl;, both the adsorption energies
of C,H, increase after coordination (Fig. 4f). In particular,
with the existence of the -OH group, the Ru site exhibits the
highest adsorption energy and increases to —1.05 eV. The
higher adsorption energy illustrates that C,H, molecules are
easily desorbed from the active sites, agreeing well with the
C,H,-TPD profiles. More importantly, if the C,H, molecules do
not over-occupy the active site, it is beneficial for decreasing
the coke deposition, thus enhancing the stability of the cata-
lyst. As for HCI, the adsorption energy still increases after the
coordination of -OH groups, agreeing well with the lower de-
sorption temperature in the TPD profiles.

The above results suggest that the linker with hydroxyl
groups in the MOF is able to adsorb more hydrogen chloride
and acetylene, agreeing well with the results from the TPD.

4. Conclusion

In conclusion, to inhibit the agglomeration of Ru sites in
acetylene hydrochlorination, MOFs were introduced to encap-
sulate Ru sites. With the confinement effect of the channels in
MOFs, the dispersion of Ru sites was uniform and stable
before and after the reaction. Through evaluating the catalytic
performance in acetylene hydrochlorination, both the activities
of Ru-based catalysts with MOFs introduced were enhanced in
contrast to the baseline catalyst. In order to decrease the
diffusion resistance via changing the reaction microenvi-
ronment, we selected two types of MOFs, namely UiO-66 (with
-H groups) and UiO-66-OH (with ~OH groups). After character-
ization and DFT simulations, we demonstrated that more reac-
tant molecules including HCl and C,H, were adsorbed on
Ru@UiO-66-OH/AC. Based on the positive effect of the
Ui0-66 metal framework, we achieved 92.27% conversion of
acetylene and a 0.02% h™' deactivation rate under a high
GHSV(C,H,) of 540 h™". This work lays the groundwork for
exploring Ru-based catalyst deactivation via skeleton materials
with regular channels.
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