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Experimental section

1. Hot filtration test

A hot filtration test was carried out by stopping a standard BA hydrogenation
catalyzed by Ir/CN after 1 hour and passing the reaction mixture through a sintered
discs filter. The reaction liquid was returned to the reaction vessel and continued to
react. No further substrate conversion in the filtrate occurred after catalyst removal at
the reaction temperature, indicating that the Ir is strongly bound to the support surface

and no significant quantities of metal are lost to the reaction liquid during the process.

2. The reusability of the catalyst.

In a typical process, after a recycle, the catalyst was separated from the reaction

mixture by centrifugation, thoroughly washed with ethanol, dried at 70 °C, and then

reused as the catalyst in subsequent runs under identical reaction conditions.

3. The calculation formula of TOF in the hydrogenation reaction:

the moles of BA conversion

TOF,, = ) )
M the moles of metal X reaction time

M: metal



Table S1. Catalytic results of Pd/CN and other Pd catalysts form ref.9 [11¢

Entry Catalyst Yield (%) TOF (h')
1 Pd/CN 100 0.883

2 Pd/TiO, 10 0.088

3 Pd/Ce0O, 13 0.115

4 Pd/MgO 0 -

5 Pd/y-ALO; 21 0.186

6 Pd/AC 11 0.097

7 Pd/CNy 32 81 0.716

8 Pd/HC 14 0.124

@ Reaction conditions: benzoic acid 61 mg (0.5 mmol), catalyst (5 wt.% Pd) 50 mg,
solvent water 25 mL, 85 °C, H, 1 bar, 24 h

Table S2. Catalytic results for different catalysts form ref.1 [21¢

Yield
Entry Catalyst
%
1 RuPd/CN 67
2 RuPd/HC 28
3 RuPd/AC 45

4 RuPd/CNT 39

@ Reaction conditions: BA 0.5 mmol, catalyst 50 mg, solvent water 25 mL, 85 °C,
0.1MPa H,, 6 hours.



Table S3. Comparison of the catalytic activities for the Ir-based catalysts system with

the prior Pt-group catalysts system under mild reaction conditions.

Entry

N

O o0 9 N WD

11
12
13
14
15
16
17
18

Precatalyst

Rh/C
Pt+AICl;
Pd@CN

Pd@y-AL,O4
Ru/CN
Pd/AC

Ir/AC

Ir/CN

Ir/y-Al,0O4

Ir/CN

Ru/C

Pt nanowires
Pd/AC
Pd/CNF
Pd/CNF

Pd/AC
Pd/NAC
Pd/MCN

Conditions

T(°C)/Py2(MPa)/Solvent
60°C/0.1 MPa/iPrOH

60°C/0.1 MPa/H,0
85°C/0.1 MPa/H,0
85°C/0.1 MPa/H,0
85°C/0.1 MPa/H,0
85°C/0.1 MPa/H,0
85°C/0.1 MPa/H,0
85°C/0.1 MPa/H,0
85°C/0.1 MPa/H,0
55°C/1.0 MPa/H,0O

60°C/0.5 MPa/iPrOH
70°C/1.0 MPa/Acetic acid

85°C/1.5 MPa/H,0
85°C/1.5 MPa/H,0
85°C/1.5 MPa/H,0
85°C/2.5 MPa/H,0
85°C/2.5 MPa/H,0
85°C/2.5 MPa/H,0

TOF(h!)

0.38 [3]
2.03 4
0.883 [
0.186 Bl
0.31 [
2.1 16
19 (this work)
34 (this work)
40 (this work)
57 (this work)
0.36 3]
5.3
5.716]
2.83 161
0.35 [8]
3.9 9]
26 11
551




Table S4. Specifications of different supports.

Sger  Pore volume Pore size

Material
(mgh)  (em'g)  (m)
v-Al,0O5 120 0.77 204
TiO, 7.3 0.03 214
CeO, 6.0 0.04 157
710, 59 0.06 2.8
SBA-15 557 1.02 7.8
CN 211 0.67 10.7
AC 948 0.79 4.7

Table S5. The salient statistics of various Pt group metals for United States in 2015.4

Metal Price /dollars per troy ounce
Pt 1080.00
Pd 690.00
Rh 970.00
Ir 530.00
Ru 48.00

@ Information Source: USGS (United States Geological Survey). Minerals Information[EB/OL]. [

2015-01-22]. http://minerals.usgs.gov/minerals/pubs/commodity/.



Table S6. Catalytic results for different catalysts ¢

Conv. TOF (h-

Catalyst Sel. (%)
0 1)
Rh/CN 33 100 86
Ir/CN 27 100 69
Pt/CN 30 100 47
Pd/CN 6 100 4
Ru/CN 25 100 20

@ Reaction conditions: benzoic acid 1 mmol, catalyst (5 wt.% Ir) 25 mg, solvent water

25mL, 55 °C, 0.4MPa H,.

Table S7. Hydrogenation of BA over various Ir-based catalysts in different Solvents ¢

Solvent Conv.

Entry Catalyst

(%)
1 Ir/y-Al,O; hexane 9
2 Ir/AC hexane 7
3 Ir/CN hexane 3
4 Ir/CN water 33

@ Reaction conditions: benzoic acid 0.5 mmol, catalyst (5 wt.% Ir) 50 mg, solvent 25

mL, 65 °C, H, 1 bar, 1 h.
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Figure S1. Relationship between BA conversion (the data were taken from Table 1)

and particle size of Ir NPs of various catalysts.
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Figure S2. Relationship between BA conversion (the data were taken from Table 1)

and percentage of Ir? in the Ir-based catalysts.



Figure S3. The reaction solutions with different catalysts (A) Ir/y-Al,Os3, (B) Ir/CeO,,
(C) Ir/CN, (D) Ir/Ti0,, (E) It/SBA-15, (F) It/ZrO,, (G) Ir/AC after reaction for 0.5 h
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Figure S4. Influence of hydrogen pressure on BA conversion with different catalysts.

Reaction conditions: BA 1 mmol, catalyst 25 mg, water 25 mL, 55 °C, 1 h.



Figure S5. The initial and final structure for each hydrogenation step along the

hydrogenation pathway beginning with C4 site
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Figure S6. The related structures beginning with C1 site. IS: initial state; TS:

transition state; FS: final state.
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Figure S7. Comparison of the reusability of the Ir/Al,O;, Ir/CeO,; and Ir/CN in the BA

hydrogenation under the same reaction conditions. Reaction conditions: BA 200 mg,

cat 100 mg, solvent water 25 mL, 55°C, 0.5 MPa H,, 1h.

We investigated the reusability of the It/Al, O3, [t/CeO,, and Ir/CN, respectively.
After easy separation and pretreated, Ir/CeO, and Ir/CN still could keep high
performance for three cycles. However, for It/Al,O;, there was a considerable

decrease in catalytic activity during three recycling tests.
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Figure S8. The catalysts dispersion in two-phase solvent system, the upper was ethyl

L/
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acetate, the bottom was water.

We have noticed an interesting phenomenon during the recycling experiments.
Specifically, all catalysts can disperse well in water at the first reaction. It was found
that after two recycle reactions, the reused Ir/Al,O; was more inclined to disperse in

ethyl acetate, but the reused Ir/CeO, and Ir/CN were dispersed well in water.
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Figure S9. FTIR spectra of the Ir/Al,O; before and after reaction.
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Figure S10. FTIR spectra of the It/CeO, before and after reaction.

The FTIR experiments have been performed. According to FTIR spectra of fresh
and recoverd Ir/Al,O; (Figure S9), it can be seen that after first reaction, two peaks at
2929 and 2850 cm™! were appeared on recovered Ir/Al,O5 (Ir/Al,03-2"Y), and the peak

intensity was also strengthened after second reaction (Ir/Al,05-3'). The peaks at 2929



and 2850 cm! could be assigned to C-H stretching vibrations of the
cyclohexanecarboxylic acid adsorbed on the catalyst surface.[10] As a result, some of
the benzoic acid hydrogenation product cyclohexanecarboxylic acid was adsorbed on
the surface of recovered Ir/Al,O;, which might hinder the catalyst dispersion in water
and occupy the active sites , thereby decreasing the catalytic performance
significantly.

As a comparison, the FTIR spectra of the fresh and recoverd Ir/CeO, showed no
obvious difference (Figure S10). Therefore, the Ir/CeO, can resist the poison of

cyclohexanecarboxylic acid and maintain high performance.
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Figure S11. NH5-TPD and CO,-TPD patterns of Ir/y-Al,O3 and Ir/CeO,.

From the results of Table 1 in the manuscript, the catalytic performance of Ir/y-
AlL,Oj5 and Ir/CeO, was almost the same, 52% BA conversion for Ir/y-Al,0;, and 50%
BA conversion for Ir/CeO,. NH3-TPD and CO,-TPD experiments were performed to
study the surface acidity and basicity of these two catalysts, respectively. The results
were shown as Figure S11.

In the NH;-TPD patterns, the Ir/y-Al,O5 presents two desorption peak of NHj
with maxima at about 208 and 517 °C, demonstrating that two types of acid site
distributed on the surface of Ir/y-Al,O;. For the Ir/CeO,, only a desorption peak of

NHj; with maxima at about 756 °C was obvious observed. In addition, the adsorption



of NH; on Ir/CeO, was lower than that of Ir/y-Al,O; thus demonstrating that the
amount of acid site on Ir/CeO, were lower than that of Ir/y-Al,Os.

In the CO,-TPD patterns, the Ir/y-Al,O; presents two desorption peak of CO,
with maxima at about 418 and 607 °C. Whereas, the Ir/CeO, presents three desorption
peak of CO, with maxima at about 323, 447 and 644 °C. These results demonstrated
that the strength and amount of surface basic site for Ir/y-Al,O; and Ir/CeO, were also
different.

Therefore, although the acid and basic sites were different for Ir/CeO, and Ir/y-
Al,Os3, their catalytic performance were almost the same. So the distribution of acid
and basic sites on y-Al,0; was not responsible for the highest activity shown by the

Ir/y-AL,O; catalysts.
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