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EXPERIMENTAL

Materials

Used Au/MOx catalysts were collected from our laboratory[1]. Morpholine,
dibutylamine, butylamine, aniline, cuprous iodide (Cul), potassium iodide (KI),
Sodium iodide (Nal), 1-ethyl-3-methylimidazolium iodide (EMMMI),
tetrabutylammonium iodide (TBAI), tetramethylammonium iodide (TAAI), toluene,
methanol, ethanol, i-propanol, z-butanol were purchased from SINOPHARM, Adamas,
Energy Chemical or Macklin without any pretreatment. Nitrogen (N2, 99.99%) Carbon
monoxide (CO, 99.9%), and synthetic air were provided by Air Liquide Gas
Technology Co.

Leaching of gold (0) from used Au/MO catalysts

In a typical leaching process, morpholine (1 mmol), 100 mg of used Au/MOx catalysts,
Cul (~ 4 mg, 0.02 mmol), and toluene (5 mL) were loaded in a 10 mL glass tube. At
room temperature, the glass tube was placed in a batch reactor, and successively
charged with 0.4 MPa of air and 1.6 MPa of CO (caution: the lower and upper
explosive limits of CO at RT and atmospheric pressure are, respectively, 12.5 and

74.2 % by volume of air). And then, the reactor was stirred at 60 °C for 10 h. Afterward,
the pressure was carefully released. The gold concentration both in liquid and solid was
analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES,
Agilent 720ES). The conversion of morpholine and yield of urea were determined by
gas chromatography (Agilent 7890). High-resolution electrospray-ionization mass
spectra (ESI-HRMS) were recorded with Agilent 6530 Accurate-Mass Q-TOF in a
positive and negative ion mode. Transmission electron microscopy (TEM) was
collected by field emission high-resolution transmission electron microscopy (FEI

TECNAI G2 F20, Thermo Fisher).

Leaching of gold (0) from used Au/MO; catalysts in the presence of iodide

In a typical leaching process, morpholine (1 mmol), 100 mg of used Au/MOx catalysts,
Cul (~ 4 mg, 0.02 mmol), iodide (1 ~ 10 equivalents, I mol/Au mol), and toluene or
other mentioned solvent (5 mL) were loaded in a 10 mL glass tube. At room
temperature, the glass tube was placed in a batch reactor, and successively charged with

0.4 MPa of air and 1.6 MPa of CO (caution: the lower and upper explosive limits of CO



at RT and atmospheric pressure are, respectively, 12.5 and 74.2 % by volume of air).
And then, the reactor was stirred at 60 °C for 10 h. Afterward, the pressure was
carefully released. The gold concentration both in liquid and solid was analyzed by
inductively coupled plasma optical emission spectrometry (ICP-OES, Agilent 720ES).
The conversion of morpholine and yield of urea were determined by gas

chromatography (Agilent 7890).



Supplementary Table 1. Leaching of gold from used Au/ZnO catalysts assist by

oxidative carbonylation of morpholine

No. Morpholine Atmosphere Con Sel. Au (mg/mL)*
1 1 mmol 1.6 Mpa CO/0.4 MPaair 95% >99% 6.02 mg/mL
2 - 1 MPa N, - - not detected
3 - 0.4 MPa air - - not detected
4 - 1.6 MPaCO - - not detected
5 - 1.6 MPaCO/0.4 MPa air - - not detected
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Supplementary Figure 1. Leaching of gold from used Au/MOx catalysts (a). Au

source: used Au/ZnO, effect content of KI equivalent, I mol/Au mol, (b). Au source:

used Au/ZnO, the effect of cations in iodide, 10 equiv. (c). Au source: used Au/ZnO,

the effect of amines, KI, 10 equiv. (d). Au source: used Au/ZnO, effect of alcohol

solvents, KI, 10 equiv.. Oxidative carbonylation reaction condition: amine (1 mmol),

Cul (0.02 mmol) solvent 5 mL, CO 1.6 MPa, air 0.4 MPa, T =60 °C, t= 10 h.
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Supplementary Scheme 1. Effect of the amines.
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Supplementary Scheme 2. Effect of the solvents.

Based on our current knowledge on SMSI, we hypothesized that some structural
features, such as the encapsulation overlayer, provide a potential solution to the
problem of unstable of supported catalysts. In this work, however, may inhibit the
leaching efficiency of Au. Only weakly bound gold particles on oxides (Au/MOx
catalysis) were leached out even in an alkaline NaCN solutions|[2,3]. Figure S2 shows
an image of the overlayer structure observed between Au NPs and CeO2 due to SMSI.
So, we proposed the structural features in Au/TiO2 and Au/CeO; may inhibit the
leaching efficiency. With the structural features destroyed during the first leaching

cycle. Multiple repetitions may improve the leaching efficiency of Au.



Supplementary Figure 2. The TEM pattern of the Au/CeO; catalysts.
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Supplementary Scheme 3. The possible mechanism of Pdl>-catalyzing oxidative

carbonylation of amine.

PdL can easily react with amino groups to form carbamoylpalladiumiodide
intermediates. This reactivity can be conveniently exploited for the synthesis of ureas,
when applied to simple primary amines. In fact, in this case, the initially formed
RNH(CO)PdI intermediate may undergo -H elimination from the HN-CO-Pd moiety,
with the formation of an isocyanate and palladium (0). While the latter is readily
reoxidized to Pdl; in the presence of oxygen, the isocyanate may be attacked by a
second molecule of amine (either the same primary amine or a secondary amine, used
as additional substrate) to yield a symmetrical 1,3-disubstituted or a trisubstituted urea,

respectively[4].



IZ(aq) + I =1 (1)

2Au+ I, + 17 = 2Aul, (2)
Aul,7 + 17 = Auly +1 (3)
Auly” = Auliy) + Au+ 13 (4)
Auly) + 1" = Auly (5)
Auliy) + I~ = Auly (6)
2Aul ) + 1" =2Au,) + Iz (7)

Supplementary Scheme 4. Recovery of gold in iodine-iodide system.

The main components of the iodide system are iodine (I2) and iodide (I"). Therefore,
iodide system is actually the iodine-iodide system. In this system, I3~ (generated by I’
and o) serves as oxidant. It’s the oxidant I3 that plays an important role, which can
dissolve gold metal as the aurous or the auric complex (Scheme R2). There are two
kinds of soluble gold-iodide complexes: Aul>- and Auly. The latter is with high
potential, and hardly to be formed. Also, Auly is easily disproportionate into Aul(s) (7).
Solid aurous iodide (Aul(s)) exists in aqueous solution merely as an intermediate or a
bridging species. According to reaction (5) it will form Auly” with excess I in iodide
solution or regenerate Auls with surplus I3™ (reaction 6), so Auly is still the

predominant specie in aqueous solution[5].
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