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Surface engineering on a nanocatalyst: basic zinc salt nanoclusters
improve catalytic performances of Ru nanoparticles

Zhikun Peng, Xu Liu, Huinan Lin, Zhuo Wang, Zhongjun Li, Baojun Li,* Zhongyi Liu* and Shouchang
Liu

Herein, we report a novel surface-modified Ru-based catalysts with chemisorption of basic zinc sulfate salts
(3Zn(0OH),:ZnS0O,4-xH,0, BZSS) and demonstrate their enhanced selectivity toward cyclohexene (CHE) in benzene-selective
hydrogenation. BZSS nanoclusters are confirmed to regulate surface and electronic properties on Ru nanoparticles. The
surface active sites on Ru nanoparticles are reconstructed because the strong active sites are selectively occupied and
blocked by BZSS nanoclusters. Lewis acid active sites, which are introduced by BZSS and modified by the interaction
between Ru(0) and BZSS, can retain the activity of Ru catalyst and greatly improve the selectivity toward CHE. Benefiting
from the BZSS nanoclusters located on the Ru nanoparticles, the surface-modified catalysts present excellent selectivity
with high activity for the hydrogenation reaction and. This is particularly clear in that the catalyst operated stably for more
than 600 h on an industrial production line; the benzene conversion was maintained at 40%, and the selectivity toward

CHE was maintained over 80%.

1. Introduction

In the last decade, many metal nanoparticles (NPs) with
specific size, shape, and crystalline phase were successfully
prepared.l'3 These metal NPs possess special electron orbit,
high surface energy, and abundant surface defects. As a result,
these novel metal NPs present superior catalytic activities and
correspond to their bulk counterparts regarding many
important reactions and significant breakthroughs.a'7 When
accompanied by the high activity, the metal NPs are apt to
gradually lose their activities during cycling caused by serious
aggregation under harsh working conditions.? It is particularly
difficult to obtain a satisfactory selectivity for the target
intermediate productsg’10 on the disordered metal NPs.
Because these deficiencies originated from the intrinsic
property of metal NPs, they cannot be overcome by a single
component or structure strategy. Fortunately, introducing
other heterogeneous structures to metal NPs and the use of
their synergistic effect to overcome the drawbacks are
effective.’™? Methods involving metal alloying,g'13 atomic
layer deposition,”'16 molecular modification,m'”"20 and core
shell construction®*?* have been explored. Constructing
heterogeneous nanoclusters on metal NPs is one of the most
promising strategies for modifying active sites, and this will
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have great application potential in the chemical reactions and
energy environment.>*?

Benzene-selective hydrogenation is of great significance for
both scientific research and practical applications.zg'31 This is
especially true because the cost-efficient synthesis of the
intermediate (cyclohexene, CHE) facilitates subsequent
synthesis such as hydration to cyclohexanol and further to
adipic acid and e-caprolactam. Due to successful benzene-
selective hydrogenation to CHE, the normal cyclohexane
oxidation, dehydration of cyclohexanol, and dehalogenation of
cyclohexane halide steps can be eliminated.?**?

Currently, Ru-based catalysts are the most effective.®*
Nevertheless, under common conditions, the intermediate of
stepwise hydrogenation of benzene is barely formed due to
the free standard reaction enthalpies (benzene - CHE: -23 kJ
mol™ and CHE > cyclohexane (CHA): =75 kJ molfl).35 Due to
the severe thermodynamic limitations, this challenging
reaction is a perfect probe reaction to evaluate catalyst
performance. Most studies have enhanced the selectivity by
employing hydrophilic support,36'39 regulating the surface
acidity of support,m‘41 decorating the primary metal with a
second metal component,zg’“’43 or introducing various kinds of
additives such as inorganic44'46, organic additives,*”" or ionic
quuids35'52'54 to regulate the hydrophilicity and the electronic
properties of Ru NPs. Although these approaches have been
somewhat effective, further promotion of their activity,
selectivity, and stability is still required.

The modification of Ru NPs catalysts with Zn or ZnO species
to improve benzene-selective hydrogenation performance led
to more speculations (hydrophilicity and/or synergistic effect)
and optimization of the reaction conditions (mass ratio of the
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supports, zinc content, or comparison of different preparation
methods, etc.).39‘55'57 However, a deep understanding of the
modification mechanism and the establishment of a new
model are very urgent at this stage. These issues motivate us
to explore the design and preparation of highly efficient and
greener catalytic systems by locating a novel heterogeneous
nanostructure on Ru NPs. This offers new fundamental insight
into benzene-selective hydrogenation.

Basic zinc sulfate salt (3Zn(OH),-ZnSO,4-xH,0, BZSS) is a
chemical combination of alkali and acid salt, and Zn(ll) species
have strong hydrophilicity and adsorption abilities in the
aqueous phase. The nontoxic BZSS has abundant crystal water
and this makes the BZSS-modified metal NPs well dispersed in
aqueous phase. BZSS can be formed by the pretreatment or
reaction of Ru-Zn (Zn species as ZnO or Zn(OH),)
catalysts.“'43’57‘58 Therefore, BZSS is a potential modifying
agent on the surface of Ru NPs.

Herein, a novel surface-modified Ru NPs with chemisorption
of BZSS were synthesized. They were employed as a catalyst in
benzene-selective hydrogenation without inorganic additives
(except for ZnSO,) or a second metal. The BZSS is confirmed to
regulate surface and electronic properties of Ru NPs.
Benefiting from the BZSS nanoclusters locating on Ru NPs, the
catalysts provide excellent selectivity and stability with high
activity for the hydrogenation reaction.

2. Experimental section
2.1 Preparation of RuAD-based catalyst

Preparation of BZSS. The BZSS is prepared according to the
following equation:
6NaOH + 4ZnS0, + xH,0 = 3Zn(OH),-ZnSO4-xH,0 + 3Na,S0O, (1)

In detail, NaOH solution (0.14 M, 150 mL) with magnetic
stirring was treated with ZnSO, solution (0.14 M, 100 mL)
dropwise and then agitated for 5 min. The resulting suspension
(250 mL) contain 1575 mg of 3Zn(OH),-ZnSO, in as-prepared
BZSS. The suspension is used as a BZSS source for preparing
RuAD-based catalysts without separation.

Preparation of Ru NPs. Ru catalysts were prepared with a
similar precipitation method according to the procedure in
literature.™ RuCl3-3H,0 (21.62 g) was dissolved in 200 mL of
H,O with agitation. NaOH (12.36 g) was dissolved in 200 mL of
H,0 and then added to the above stirred solution
instantaneously; the resulting mixture was agitated for an
additional 30 min. The black precipitate was then transferred
into a 1 L Teflon-lined autoclave. Hydrogen was introduced
into the autoclave to raise the total internal pressure of 5 MPa
and operated at 150°C, 800 rpm for 3 h. To improve washing
efficiency, when the reaction mixture was cooled, the resulting
black powder was washed with hot water (55+5°C) until CI”
was undetectable, and then the desired Ru catalyst was
harvested.

Preparation of RuADX catalysts. The RuAD-based catalysts
were prepared by fixing 2.0 g of Ru NPs in ZnSO, solution (0.58
M, 280 mL). For a typical preparation of Ru AD300, 47.6 mL of
the as-prepared BZSS suspension and 2.0 g of Ru NPs were
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transferred to a 1 L Hastelloy autoclave; water was then added
to adjust the ZnSO, solution to 280 mL. The mixture was kept
at 50°C and stirred at 500 rpm for 1 h. The resultant product
was filtered and washed to remove 5042' (0.1 M BaCl, test),
and subsequently vacuum-dried in oven at 60°C. The RUAD-75,
150, 300, 450, and 600 correspond to the volume of BZSS
suspension of 11.9, 23.8, 47.6, 71.4, and 95.2 mL, respectively.
The suspension was agitated by magnetic stirring for 1 h
before being used as a BZSS source for preparing RuADX
catalysts. This ensures the consistency of the amount of BZSS
taken at each step (Table S17). The obtained catalysts were
denoted as RuADX, in which X means the mass of
3Zn(OH),-ZnSO, in as-prepared BZSS chemisorbed on 2.0 g of
Ru NPs. The Zn content of the catalysts is presented in Table
S21, which indicates that the BZSS is almost quantitatively
adsorbed on the Ru NPs.

2.2 Characterization

Powder X-ray diffraction (XRD) patterns were performed on a
Rigaku Dmax-3C X-ray diffractometer using Cu K, radiation (A =
0.15418 nm) with a tube voltage of 40 kV and a current of 40
mA. The 26 angles were scanned from 5° to 80° at 4°min~t.
Transmission electron microscope (TEM) images and energy
dispersive spectroscopy (EDS) were observed on a JEOL JEM-
2011 instrument at an accelerating voltage of 200 kV. A JEOL
JSM-7500F field-emission scanning electron microscope
(FESEM) was used at an accelerating voltage of 5 kV. The
multipoint Brunauer-Emmett-Teller surface area (Sger) and
porosity were measured by N, physisorption at 77 K on a
Quantachrome NOVA 1000e instrument. The zinc content of
RUADX was measured by X-ray fluorescence (XRF) on a Bruker
S4 Pioneer instrument.

The H, chemisorption was used to determine the dispersion
of Ru, which was performed on the Quantachrome Autosorb-
IQ gas adsorption analyzer. The weighed sample (~*100 mg)
was purged with He for 30 min at room temperature and
reduced at 200°C for 2 h under 10 vol.% H,/Ar. It was then
vacuumed for 2 h and cooled to 40°C. The amount of H,
chemisorption was measured under 80, 160, 240, 320, 400,
480, 560, 640, and 720 mm Hg. The dispersion of Ru was
calculated according to the H, uptake with the assumption of
H,:Ru stoichiometry of 1:2 and a Ru surface with an atomic
density of 1.63 x 10 atoms m2.%°

Thermal stability of the sample in Ar was characterized by
thermogravimetry-differential scanning calorimetry (TG-DSC)
on a NETZSCH STA 449F3 instrument. NH3-TPD was employed
on a Quantachrome Autosorb-IQ gas adsorption analyzer. 150
mg of catalyst (35 mg of sample for BZSS) was purified at
200°C for 1 h under He and cooled to room temperature. The
10 vol.% NH3z/He mixed gas was introduced instead of He at
this temperature for 1 h to ensure the saturation adsorption of
NH;. The catalyst was then purged with He for 1 h to ensure
the removal of physical adsorption of NH;. The desorption
curve of NH3 was obtained by heating the sample from 40 to
700°C at 10°C min~* under He with the flow rate of 30 mL
min~". For H,-TPR measurement, 10 mg of catalyst was loaded.

This journal is © The Royal Society of Chemistry 20xx
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The catalyst was purged in an Ar stream at room temperature.
The experiment was carried out within the temperature range
of 20-200°C under 10 vol.% H,/Ar mixed gas with a flow rate
of 30 mL min™. For H,-TPD test, 150 mg of sample was loaded.
The sample was reduced at 200°C for 2 h under 10 vol.% H,/Ar,
and then cooled to room temperature under Ar stream. The 10
vol.% H,/Ar mixed gas was introduced instead of Ar at this
temperature for 1 h to ensure the saturation adsorption of H,.
The sample was then purged with Ar for 1 h to ensure the
removal of physical adsorption of H,. The desorption curve of
H, was acquired by heating the sample from 40 to 700°C at
10°C min™" under Ar with a flow rate of 30 mL min™".

The nature of the acid site was characterized by the FTIR
spectroscopy of adsorbed pyridine (Py-IR) on a Bruker TENSOR
Il spectrometer. The sample (10 mg) with KBr were ground to a
fine powder and pressed into a thin self-supporting wafer. The
wafer was mounted in an IR cell equipped with CaF, windows
and evacuated at 200°C (1071—1072 Pa) for 3 h. After this
pretreatment, the samples were cooled to 25°C under
evacuation. After the background spectrum was recorded,
pyridine was introduced and balanced at this temperature for
1 h. The platelet was then evacuated at 25°C (10 min) to
remove physisorbed pyridine. The spectrum was recorded with
4 cm™* resolution by signal-averaging 32 scans.

The surface electronic states were determined by X-ray
photoelectron spectroscopy (XPS) on a PHI Quantera SXM
spectrometer with Al Ka = 1486.6 eV as excitation source
where the binding energies were calibrated by referencing the
C 1s peak (284.8 eV) to reduce the sample charge effect. The
hydrophilicity of the catalyst surface was measured by the
water contact angle using a JC2000 C1 instrument at ambient
temperature. Raman spectra were detected on a LabRAM HR
Evolution Raman Spectrometer.

2.3 Catalytic evaluation

With the as-prepared catalysts, the benzene-selective
hydrogenation was operated in a 1 L Hastelloy autoclave.
Then, 2.0 g of catalyst, 280 mL of ZnSO, aqueous solution (0.58
mol Lfl) was charged into the autoclave, and then sealed and
purged with H, for three times to expel air. The water provides
a soluble environment for the additive and renders a water
layer around the catalyst; ZnSQ, is the most effective inorganic
additive to improve CHE selectivity. Both of them are effective
for obtaining a desirable selectivity of CHE. 29734,39,42,43,3738 The
stirring rate was initially fixed at 800 rpm with hydrogen
pressure of 4.0 MPa. When the temperature reached 150°C,
the line was charged with benzene (140 mL), and the hydrogen
pressure was elevated to 5.0 MPa with a stirring rate of 1400
rpm. This is sufficient to eliminate the diffusion effects. The
reaction conditions adopted here are typical for the benzene-
selective hydrogenation.“'“'58 The reaction process was
monitored by discharging ~0.5 mL of the reaction mixture at
periodic 5 min followed by analysis on a gas chromatography
with a FID detector. Benzene, cyclohexene and cyclohexane
were quantified using calibration curves. The organic was
removed after the reaction, and the solid sample was washed

This journal is © The Royal Society of Chemistry 20xx
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with distilled water until no 50427 remained. It was then
vacuum-dried at 333 K for characterization. The RuADX
catalysts after reaction are denoted as RUADX AH where AH
stands for after hydrogenation.

To compare the intrinsic catalytic performance, the activity
was expressed as the turnover frequency (TOF) of benzene.
The selectivity was expressed as the S,. Here, S, means the
value of selectivity toward CHE when benzene conversion is
40%. To calculate the TOF according to the Iiterature,60 we
used the specific activity (rp), and it is the moles of benzene
converted per second at zero reaction time. The experimental
benzene content-reaction time (t) curve was fitted with a
polynomial equation, which was differentiated, and the ry was
acquired by substituting zero for t. The TOF value was
calculated using the following equation:

TOF = — 0 >XM
dispersion xW,,

Ru

(2)

Here, Mg, and W, are the molar mass of Ru and the loading
of Ru on the catalyst, respectively. The dispersion of Ru was
determined by H, chemisorption. Since benzene cannot be
hydrogenated on the BZSS nanoclusters alone, Ru is
undoubtedly the primary active site for this reaction. Thus, it is
suitable to use the Ru site to calculate the TOF as a good
approximation. In heterogeneous catalysis it is very difficult to
define exactly the nature of the active sites. Thus, comparing
the TOFs on the same basis is advantageous for researchers to
disclose and interpret activity difference between different
catalysts.

3. Results and discussion
3.1 Bulk structure and morphology of RuADX samples

The XRD patterns of BZSS are presented in Fig. la. The as-
prepared BZSS matches well with 3Zn(OH),:ZnSO,4:xH,0. The
diffraction patterns of pure Ru NPs and RUADX are shown in
Fig. S1t. The Ru catalyst kept its original crystal phase at a low
amount of chemisorption (75 mg BZSS). This is ascribed to
BZSS dispersing on the Ru surface. The appearance of the
characteristic peak of BZSS at 12° starts for RUAD300, and the
peak gradually increases in intensity with increasing BZSS
chemisorption indicating that the BZSS nanoclusters adsorbed
on Ru NPs. While the crystal water of BZSS has a little change
after adsorbing on Ru NPs, Fig. 1b shows the diffraction

(a) (b)
= A =
2 = RUADB00 AH
gl JBas0 A A Bzss| &
" > Ao \ RUADS00
= = " " §
a ‘ A\ 01-078-0247 ZnSO,32Zn(OH),3H,0 % | (] 00-008-0204 ZnS0,3Zn(OH),4H,0
] - w5 =
= c PPRIPEN VR TR | BT S T N M

[ 00-009-0204 ZnSO,3Zn(OH)4HO| E
£ S 700-039-0890 ZnS0,3Zn(OH) H,0
| ndl 1 on1 b 1 r'
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
201°) 261(°)

Fig. 1 The XRD patterns of (a) as-prepared BZSS and the
matched standard BZSS. (b) Comparison of RUAD600 in the
presence of ZnSO, before and after reaction.
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patterns of RuAD600 before and after reaction. The
characteristic peak of BZSS is still observed and kept after
reaction confirming that the RuADX structure can be formed
and maintained during reaction. This structure is important for
surface engineering on catalysts to improve their catalytic
performances.

The as-prepared BZSS is shown in Fig. 2a, and the adequate
pores are beneficial for the adsorption and diffusion of
reactant and product. The hysteresis loop in the N, adsorption-
desorption isotherms (Fig. S2at) also suggests the presence of
mesopores in BZSS sample as further shown in the Barrett-
Joyner-Halenda (BJH) pore size distribution. The typical
morphology of pure Ru catalyst is shown in Fig. 2b. The dark
Ru crystallite size is about 4 nm, which is consistent with the
XRD results (Table S3%). The pure Ru NPs has clear edges.
Nevertheless, nanoclusters appeared on Ru NPs after
adsorbing BZSS (Fig. 2c and d). The nanoclusters tend to
spontaneously and selectively locate on the Ru NPs.

The HRTEM image in Fig. 2e (rectangle in Fig. 2c) shows
more structural details of the catalyst. The lattice fringes with
the interplanar spacing of ~0.202 nm were ascribed to (101)
planes of Ru NPs. The interplanar spacing of ~0.271 and ~0.276
nm around Ru NPs were ascribed to (0-22) and (-130) planes of
BzZSS. The EDS analysis also demonstrates that the
nanoclusters existed on surface of Ru NPs are BZSS
nanoclusters because the Zn, S, and O element are detected
on the nanoclusters. Combined with the results of XRD, it
confirms that the BZSS nanoclusters are chemisorbed on Ru
NPs. Similar results are also seen in FESEM images in Fig. S3+.

The settlement test in deionized water for RUAD300 (Fig.
S47) indicates BZSS nanoclusters are not simple mechanical
mixed with Ru NPs, but are a structural reconstruction caused
by the interactions between the samples under the
chemisorption conditions (ZnSO, solution, 50°C). These
interactions lead to the transformation of BZSS from lamellar
structure to nanoclusters structure, and make the

5 10 15
Energy (KeV)

Fig. 2 TEM images of (a) as-prepared BZSS, (b) fresh Ru catalyst,
the inset image is HRTEM of Ru NPs, (¢, d) RuAD300, (e)
HRTEM images (rectangle in c¢) of RuAD300 and the
corresponding lattice plane of Ru and BZSS, and (f) EDS
analysis of BZSS nanoclusters and Ru NPs on RUAD300.
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Fig. 3 Plots of the (a) conversion of benzene versus the
reaction time, and (b) selectivity of CHE versus the conversion
of benzene over RUADX and Ru NPs with different loadings.

nanoclusters be adsorbed and distributed on Ru NPs. A
detailed description is seen in Fig. S4, ESIT.

3.2 Benzene-selective hydrogenation

Fig. 3 shows the reaction courses of benzene hydrogenation,
including benzene conversion vs. reaction time and CHE
selectivity vs. benzene conversion over Ru NPs and RuADX
catalysts. The results show that the conversion of benzene
decreased and the selectivity toward CHE increased along with
the amount of chemisorbed BZSS. Over these catalysts, CHE
and CHA are the only products.

Notably, Table 1 shows that the selectivity toward CHE
increased greatly when chemisorbed by BZSS nanoclusters.
The S, (87%) of CHE on RUAD300 was identical to RuAD450
and RUAD600 but higher than that of RUAD150 (81%) and Ru
NPs(0.2g, 45%). This demonstrates that Ru NPs with
chemisorption of BZSS can significantly improve the CHE
selectivity. When BZSS is chemisorbed up to a certain amount
(300 mg), CHE selectivity is no longer increasing. Fig. 3b
presents the plots of selectivity toward CHE vs. the conversion
of benzene over these catalysts. This further confirms that
BZSS significantly improved the selectivity toward CHE
throughout the reaction. It is remarkable that the Sy, (the
CHE selectivity recorded at the maximum yield of CHE within
25 min) toward CHE increased from 47% for Ru NPs to 87% for
RUADG600. This indicates that chemisorbed BZSS changed the
dynamic behavior of benzene-selective hydrogenation. The
conversion of benzene at 5 min is decreased from 71% for Ru
NPs to 5% for RUAD600. The TOF shows the same trend and
decreases from 2.2 s™' for Ru NPs to 0.2 s for RUAD60O.
Versus Ru NPs, the Y,,,, increased by 85% (33% to 61%) and
the TOF retain 45% (2.2 s * to 1.0 s~*) on RUAD300. RUAD300
gives the highest CHE yield of 61%, making it the best result
reported so far 171920

Basically, the too strong active sites can be selectively
covered by modification. As a result, the selectivity can be
improved by sacrificing the activity. Fig. 3b shows that a lower
conversion corresponds to a higher selectivity. Nevertheless,
when lowered the loading of Ru NPs, low selectivity is still
obtained along with a high TOF. These indicate that the
unmodified active sites on Ru NPs are highly active to form
CHA rather than CHE.

BZSS is used as catalysts for hydrogenation of benzene and

This journal is © The Royal Society of Chemistry 20xx
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Table 1 The hydrogenation results of benzene on the RUADX.?

Catalyst CONV-" Syma’ Ve ?;:; ;I;(?lF)
(%)

Ru NPs 71 47 33 nm.?® 2.2
NPSF({;Zg) 8 46 17 45 32
RUAD150 38 61 56 81 1.6
RUAD300 17 74 61 87 1.0
RUAD450 11 80 53 87 0.6
RUAD600 5 87 38 87 0.2

? Reaction condition: 2.0 g of catalyst, 280 mL of H,0, 140 mL
of benzene, 45.7 g of ZnSO,-7H,0, temperature of 150°C, H,
pressure of 5.0 MPa, and stirring rate of 1400 rpm. The raw
reaction data were listed in Tables S5-10+.

® Benzene conversion recorded at 5 min.

¢ Values recorded at the maximum yield of CHE within 25 min.

4 Values of selectivity toward CHE when benzene conversion is
40%.

€ Not measured.

CHE. Table S4t indicates that pure BZSS can hardly catalyze
hydrogenation of benzene or CHE. Hence, BZSS cannot act as
the active sites alone for aromatics hydrogenation. In addition,
Fig. S5t shows Ru NPs with chemisorption of different
crystallite size of BZSS (Fig. S2bt) present similar catalytic
performance. These data indicate that the crystallite size of
BZSS has no obvious effects on the catalytic performance of
the final catalyst.

Experiments on benzene-selective hydrogenation in the
absence of ZnSO, were conducted. Compared with Ru NPs, a
relatively low benzene conversion and a very high CHE
selectivity are obtained for RUAD300 in the absence of ZnSO,.
The presence of ZnSO, can further improve the selectivity of
both catalysts to some extent (Fig. S6T). A similar result by
adding ZnSO, or not is observed.” This implies the
chemisorbed BZSS can interact with ruthenium active sites and
modify the Ru surface properties both in the presence and
absence of ZnSO,, and BZSS play a relatively primary role
compared to ZnSO, in this reaction. Nevertheless, RUADX
presents better catalytic performance in the presence of ZnSO,.

Despite the close resemblance of the texture, the dispersion,
and size of the Ru NPs (Table S3t), distinct differences in the
activity and selectivity exist between the Ru NPs and RuADX
catalyst. This suggests that there must be some subtle
interactions between the Ru NPs and BZSS nanoclusters.
Therefore, to further evaluate the synergistic effect-dependent
catalytic  performance, these catalysts are further
characterized by XPS, Raman spectra, Py-IR, NH3-TPD, H,-TPR,
and H,-TPD.

3.3 Chemical state, acidic and surface properties of RuADX
samples

This journal is © The Royal Society of Chemistry 20xx

Intensity (a. u.)
Intensity (a.u.)

‘ 0
(4614 (483.8);
‘ RUADE00

N\ T0733 RuAD300
10461

RUADB00

4;5 4é0 4&5 470 4;5 4éﬂ 485 490 10‘20 WOESD 10‘40 WDEO
Binding energy (eV) Binding energy (eV)

Fig. 4 Ru 3p and Zn 2p XPS spectra of Ru catalyst with different

amount of adsorption of BZSS.

Ru NPs, RuAD300, and RuAD600 were selected as
representative catalysts to study the electronic states of the
Ru and Zn species. The Ru 3p;/; BE of 462.6 eV and the 3p3/,,—
3py/, doublet separation of 22.2 eV evidenced the metallic
state of Ru in these catalysts.40 After Ru chemisorbing BZSS,
the BE of Ru 3p moves to the low BE side and varies with
increasing BZSS chemisorption. The Ru 3d spectra also show
the same tendency (Fig. S7t). A contrary variation was
observed for Zn 2p moving to the high BE side with increasing
adsorption of BZSS, while the BE of S 2p showed no obvious
movement with chemisorption of BZSS (Fig. S7t). Apparently,
the variation of BE for Ru and Zn species confirms electron
transfer occurred between Ru(0) and BZSS species. It is also
demonstrated electron transfer from the BZSS to the Ru 3d
empty orbit. Therefore, Zn(ll) species in BZSS becomes an
electron-deficient species, and this interaction between Ru(0)
and BZSS probably has an effect on the catalyst properties.

In BZSS (3Zn(OH),:ZnS0O4-xH,0), the hydroxyl is an electron-
donating group. When BZSS chemisorbed on Ru NPs, the
hydroxyl electron cloud tends to migrate to Ru 3d empty orbit.
This weakens the electron cloud density of the hydroxyl
around Zn(ll). The Zn(ll) in RUADX is characterized by electron-
deficient state compared with Zn(ll) in pure BZSS. In the
macroscopic view, it shows that Zn(ll) species becomes
electron-deficient and the Ru species becomes electron-rich.
This electron transformation phenomenon is also discovered in
other related works.”"*®

In light of the Iiterature,40 the small amount of B doped in
ZrO, samples can greatly modify the Lewis acidity of the
catalysts. NH;-TPD was employed to investigate acidity of the
samples (Fig. 5). Fig. S8t shows the XRD patterns of the
samples calcined at 200, 300, and 700°C in N, atmosphere.
This indicates that the BZSS only loses part of crystal water at
200°C and decomposes to ZnO and Zn(OH), at 300°C, which is
in consistent with TGA in Fig. S9t. Therefore, it is feasible that
the samples are pretreated at 200°C, and the data are
discussed <300°C.

In Fig. 53, the Ru NPs sample exhibited no desorption peaks
because it has no or trace amounts of acid sites versus RUADX
catalysts. Combined with the TG/DSC curves of BZSS and
RUAD300 (Fig. S9t), the peaks for BZSS and RuADX at about
220-330°C are attributed to the decomposition of BZSS. The
BZSS and RUADX samples exhibited a peak in the range of 50-
150°C attributable to NH; adsorbed on weak acid sites. When
Ru NPs is modified by BZSS, the RUADX samples have
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Fig. 5 (a) NH3-TPD profiles and (b) Py-IR spectra of the samples.

a new narrow peak at about 150-200°C indicating that a new
kind of acid sites were formed. The peaks shift from 169°C for
RUuAD150 to 197°C for RuAD600 indicating that the acid
strength increased with the amount of BZSS chemisorption.
This can be explained by the electron transformation from
BZSS to Ru 3d empty orbit.

Pyridine was used as a base probe to further investigate the
acidic properties and acid types of the samples. According to
literature®® 61, strong Lewis acid sites-coordinated pyridine
located at 1600-1630 cm™ (strong L-Py), Lewis acid sites-
coordinated pyridine located at 1440-1460 em™ (L-Py). For the
BZSS, bands presented at 1445 and 1584 em™ belong to L-Py.
The data show that BZSS contains Lewis acid sites, and it acts
as a Lewis acid introduced into the Ru NPs. The BZSS showed
no Brgnsted acid sites at 1540 cm -.° Regarding RuADX
samples, the L-Py bands shift to 1450, 1587 cmfl, respectively.
The position of the L-Py peak shifted to higher wavenumbers
after BZSS chemisorption on Ru NPs. Combined with the
results of XPS and NH;-TPD, the BZSS modification induced a
new kind of Lewis acid sites on Ru NPs. The Lewis acid sites are
introduced by BZSS and modified by the interaction between
Ru(0) and BZSS. As will be illustrated, these new Lewis acid
sites can retain the activity of Ru catalyst and greatly improve
the selectivity toward CHE.

Fig. 6a illustrates the hydrogen consumption of the catalysts
as a function of the reduction temperature (20-200°C) during
the H,-TPR process. Reduction of all the catalysts took place in
temperature range between 50°C and 122°C. The reduction
peaks are characterized by two main shoulders. The shoulders
are assigned step by step to the reduction of Ru*>Ru**>Ru.*®
The reduction peaks of RUADX shift to higher temperatures
with increasing BZSS chemisorption, and the reduction
temperatures are all higher than Ru NPs. The reduction
process of ruthenium oxide appears to be retarded, this can be
attributed to the electron interaction between the Ru species
and BZSS. Fig. 6a shows that the low valence Ru®* compound
existed as the main form in fresh Ru NPs since the second
primary peak. With greater BZSS
chemisorption, the proportion of low valence Ru®* decreases

shoulder is the
and the high valence Ru®" increases. This also reveals that the

reduction process of Ru®* is changed, resulting from an
electron interaction between the Ru species and BZSS.
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Fig. 6b shows the H, desorption profiles of the chemisorbed
catalysts. On fresh Ru NPs, the H,-TPD spectra present a wide
range desorption peaks from 40°C to 700°C indicating that
many types of hydrogen adsorption existed on fresh Ru NPs.
Therefore, the surface of Ru NPs has many active sites.
Because the BZSS decomposes completely at 300°C, the
desorption data are discussed <300°C. Notably, RuADX
samples retain the H, desorption peak at about 100°C as Ru
NPs, and the active sites higher than 100°C are selectively
blocked by BZSS. This indicates that BZSS nanoclusters
preferentially occupy the low and/or medium-temperature
active sites and block the strong continuous Ru active sites.
This geometric effect is beneficial for benzene-symmetric
adsorption activation, which is important for CHE selectivity
improvement. For RUAD150, the desorption peak between 220
and 330°C is weak. This is attributed to the coverage of the
medium active sites by BZSS. It is logical to deduce that
medium-temperature active sites will be gradually covered by
BZSS with increasing amounts of BZSS chemisorption. The high
peak signal in the range of 220-330°C for RuAD300 and
RUAD600 is ascribed to the decomposition of BZSS. This
indicates the active sites are regulated on Ru NPs after being
modified by BZSS.

Raman spectra of Ru NPs, RUADX, and BZSS are presented in
Fig. 7. There are no scattering peaks on Ru NPs. The peak for
BZSS appears centered at 1180 cm™. For RUAD75, it shows two
weak peaks at 846 em™ and 1040 cm™ indicating that it red
shifted for the Zn(ll) in RUADX compared with Zn(ll) in BZSS.
With greater chemisorption, the peak became stronger. The
variation in Raman shifts for Zn(ll) species can be attributed to
the interaction between Ru(0) and BZSS.

Fig. 8b illustrates the contact angle of Ru NPs and RUADX. Ru
NPs exhibit hydrophobic property (contact angle > 90°). For
the RUADX samples, BZSS nanoclusters introduce hydrophilic
components including Zn(ll) species and abundant crystal
water. The hydrophilicity of Ru surface is enhanced (contact
angle < 90°). When the amount of BZSS chemisorption is
greater than 150 mg, the RUADX samples showed perfect
wettability (contact angle = 0°). In addition, BZSS-modified Ru
NPs can be well dispersed in aqueous phase (Fig. S4t).

3.4 Correlation of the BZSS loadings with the catalytic
performance

This journal is © The Royal Society of Chemistry 20xx
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By plotting the TOFs, Yma and Symax in Table 1 against the
amount of BZSS (mgzss) chemisorption, two excellent linear
relationships for TOF and Sy.., emerged in Fig. 8a. Unlike the
positive correlation of the TOF and Symax With mgzss, @ volcano-
type relationship was established for Y., indicating an
optimal BZSS chemisorption to maximize the yield of CHE on
Ru NPs. The highest yield of 61% was obtained on RuUAD300,
which is much larger than Ru NPs and other pure Ru
t:atalysts.g‘r"ss’56

In light of the similarities in the composition, texture, and
particle size of the RUADX catalysts shown in Table S3%, the
BZSS-modified effect should be responsible for the distinct
differences in catalytic performance between the Ru NPs and
RUADX catalyst.

The superior behavior of the catalyst for benzene-selective
hydrogenation to CHE can be explained using the mechanism
illustrated in Fig. 8c. First, BZSS nanoclusters locate on Ru NPs,
and they selectively chemisorb on the Ru active sites and then

(c)

f Yy e Lewis acid
@ ) ¢ Hag

Fig. 8 (a) Correlations of TOF, Symaw and Ymax with the amount
of BZSS chemisorption of the Ru NPs and RuADX catalysts. (b)
Contact angle measurement of Ru NPs and RuADX. (c)
Schematic illustration of the reaction mechanism for benzene
hydrogenation on RUADX (left) and bulk Ru NPs (right).

This journal is © The Royal Society of Chemistry 20xx

block the strong continuous active sites. This geometric effect
reduces the probability of benzene-symmetric adsorption
activation and the activity of benzene-complete
hydrogenation, while increasing the proportion of the
benzene-asymmetry adsorption activation and benzene-
selective hydrogenation (Fig. 8c). On the other hand, the
electron-rich Ru species (Ru‘s*) and electron-deficient Zn(ll)
species (Zn5+) originated from electron transfer between Ru(0)
NPs and BZSS. Benzene with delocalized i bonds is electron-
rich, and the electron-deficient Lewis acid sites should be in
favor of the adsorption of benzene with the formation of
electron-deficient aromatic intermediates.”’ This can be
hydrogenated by spillover hydrogen (HSO),62 as illustrated in Fig.
8c. Meanwhile, the interfacial Ru® species increase the
repulsive force with benzene as well as the formed CHE on
Lewis acid sites and Ru NPs. These effects can retain the
activity of the catalyst and improve selectivity toward CHE. At
the same time, chemisorption of BZSS enhances the
hydrophilicity of Ru NPs surface (Fig. 8b and Fig. S4t). This is
beneficial to form a stagnant water layer on Ru surface during
reaction. The hydrophilic water layer causes CHE to diffuse
from catalyst surface to the organic phase, and this prevents
CHE from further hydrogenation. All of these result in much
higher selectivity toward CHE and retain the activity on BZSS-
modified Ru NPs.

3.5 The effect of Zn(OH),, ZnO, and NaOH in benzene-selective
hydrogenation

Considering that Zn(OH),, ZnO, and NaOH can react with ZnSO,
to form BZSS during reaction, the effect of Zn(OH),, ZnO, and
NaOH was investigated in benzene-selective hydrogenation.
The patterns of ZnO adsorbed on Ru NPs (Fig. 9a) matched
well with hexagonal phases of ZnO (JCPDS: 01-076-0704). Fig.
9b showed that BZSS diffraction peaks appear instead of ZnO
phase after being treated in reaction condition. This reveals
that ZnO or Zn(OH), adsorbed on Ru NPs can react with the
additive ZnSO, to form BZSS in the reaction condition. The
catalytic performance of Ru NPs chemisorbed equivalent
Zn(OH), and ZnO were evaluated. Obviously, Zn(OH), and ZnO
presented exactly the same catalytic performance as RUAD300
(Table 2 and Fig. S10t). The XRD pattern of Ru NPs after
treatment with NaOH in reaction condition is seen in Fig. 9c.

o), ERu (c) HRu
n \%
T v o " mom~ "
=3
S V/],00-039-0690 ZnS0,3Zn(OH,0| & o ¥ 5 =
PRI TR 1 AL ~
2 | [100-009-0204 ZnSO,3Zn(OH),4H,0| =
@« = - PR ST § T =3 0
5 @ >t 8 v ‘00-039-0690 ZnS0,3Zn(OH),H,0
E < o C o0 = T AT O
0 01-078-0246 ZnSO,3Zn(OH),5H,0
S0T-076-0704 270 |
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201() 201()

Fig. 9 The XRD patterns of (a) Ru NPs with adsorption of pure
ZnO (equivalent weight of 600 mg BZSS) and (b) sample a after
treatment in the reaction condition. (c) Ru NPs after treatment

by adding NaOH in the reaction condition.
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Table 2 The results of the equivalent modified amounts of
BZSS, Zn(OH),, ZnO, and NaOH.?

Chemis
orption  Cata m°/ tw”/ tso/ teo/ Sawo  Sso Seo
compos  lyst mg min  min  min d/% d/% d/%
ition

Ru
BZSS E\IZP(S) 300 11 14 16 87 85 83
g)
Zn(OH), a. 196 11 14 16 86 84 82
Zn0 b. 160 11 13 16 86 85 83
NaOH c. 158 14 16 20 87 85 82

® The raw reaction data are listed in Tables S11-13t.

® The equivalent chemisorption amount compared with 300
mg BZSS, quantitative methods details are given in Table
s14t.

¢ The time required when the benzene conversion is 40%, 50%,
and 60%.

4 Values of CHE selectivity when benzene conversion is 40%,
50%, and 60%.

Interestingly, NaOH in the reaction system can also react with
ZnSO, to form BZSS. Adding an equivalent of NaOH also
presents similar catalytic performance with RuUAD300 (Table 2).
Therefore, BZSS plays a key role in benzene-selective
hydrogenation.

3.6 The stability operated on continuous flow reactor

The catalytic performance and stability of RUADX catalysts
were carried out in a 10 m® capacity hastelloy continuous
reaction device using RUAD300 as a representative catalyst.
Long-term cycle stability of catalyst operating on an industrial
production device is presented in Fig. 10. Benzene conversion
was maintained at 40%, and the selectivity toward CHE was
maintained higher than 80% stably for more than 600 h. The
effect of the BZSS-modified Ru NPs catalyst is superior in
sustaining high performance. Thus, it can not only improve the
selectivity and yield of CHE in laboratory scale, but also meet
the requirements of industrial production.

4. Conclusions

The novel surface-modified Ru-based catalysts with
chemisorption of BZSS were synthesized and employed in
benzene-selective hydrogenation. The surface-modified
catalysts show much higher selectivity than Ru NPs as well as
comparable activity with Ru NPs. The strong active sites on Ru
NPs were selectively occupied by BZSS nanoclusters. This
increased the proportion of benzene-selective hydrogenation.
Lewis acid active sites, which are introduced by BZSS and
modified by the interaction between Ru(0) and BZSS, can
retain the activity of Ru catalyst and greatly improve the
selectivity toward CHE. The geometric, electronic, and
synergistic effects exist between BZSS nanoclusters and Ru NPs

8| J. Name., 2016, 00, 1-3
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Fig. 10 The benzene conversion and CHE selectivity in
industrial consecutive production process.

(Run condition: slurry bed reactor volume 10 m>, Mot/ Mpzss=
6-7, 0.58 mol L™ znSO, solution, Ru/ZrO, = 5. p(H,) =
4.75+0.25 MPa, temperature = 140°C, stirring rate = 500 rom,
circulation velocity of the slurry =85 T hfl, circulation velocity
of benzene=40T hfl)

play a key role in benzene-selective hydrogenation. We
describe the long-term cycle stability of the catalyst operating
on an industrial production device. The benzene conversion
was maintained at 40%, and the selectivity toward CHE was
maintained more than 80% stably for more than 600 h. This
strategy of locating nanoclusters on metal NPs as a proof of
concept can guide design in developing heterogeneous
catalysis reactions and offer significant industrial applications.
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Ru active sites armed with surface BZSS nanoclusters induced high selectivity and yield for benzene-selective
hydrogenation reaction. The surface-modified Ru catalyst operated stably more than 600 h on an industrial

production line.
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