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Precious metals such as gold and platinum are valued materials for a variety of
important applications, but their scarcity poses a risk of supply interruption.
However, the dissolution and recovery of precious metals using the current
methods are limited by associated serious environmental pollution and high
energy consumption. Here, we show a photocatalytic process that allows one to
selective retrieve 7 kinds of precious metal elements (Ag, Au, Pd, Pt, Ru, Rh and
Ir) (with dissolution efficiency of 99%) from waste circuit boards, ternary
automotive catalysts and even ores. Precious metals is recovered with high purity
(=98%) through a simple reductive method. The whole process only needs light
and catalyst without strong acid, strong base and highly toxic cyanide. It has an
environmentally friendly, scalable and efficient way, in which the catalyst has been
recycled more than 100 times under normal temperature and pressure without
performance degradation. It has successfully realized the scale of dissolution from
grams to kilograms, and it is expected to realize large-scale recovery of precious
metals in industrial application. This general approach provides an unprecedent

technology for recycling resources on earth.
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Introduction

Precious metals (PMs) possess not only good physical properties (ductility,
electrical conductivity), but also high chemical stability and strong corrosion
resistance!. In recent years, precious metals have been increasingly used in the fields of
electronic devices and modern industrial catalysis®* etc. It is reported that the global
demand for gold, silver and palladium in the electronics industry was about 250 tons,
12,800 tons and 40 tons, respectively*®. In addition, due to the continuous development
of the automobile industry, the consumption of platinum group metals is increasing”.
The global electronic waste (e-waste) production shows that the gold content in 40
mobile phones is equivalent to one ton of ore’. In 2019, a total of 53.6 million tons of
precious metal-containing e-waste were generated globally, including discarded
computers, mobile phones and households electronic equipment®®. It is a very

meaningful to recycle precious metals from e-waste and waste catalyst.

It remains a grand challenge to mine and retrieve precious metals from ores,
catalysts and electronic wastes for reusage!®!*. The recovery process of precious metal
is divided into two steps: firstly, dissolve PM? into PM** from electronic wastes; then
reduce PM** to PM® from the leachate. In the process of dissolving PM® to PM*",
dissolution methods in the industry involving the use of corrosive and toxic aqua regia
and cyanidation endanger the environment and characterized of high chemical
consumption'*!®, In view of the toxicity of aqua regia and cyanide, scientists have
developed non-toxic leaching agents such as thiourea, thiosulfate and iodine to treat the
dissolution of gold, but they are ineffective for the dissolution of platinum group
precious metals and the operation steps are complicated (Extended Data Table 1)'323,
Moreover, Yang et al. used n-bromosuccinimide (NBS) and pyridine (Py) directly
leached Au® waste to form Au' from gold ore and electronic**. Hong et al. used sulfuryl
chloride (SOCL2) and some organic solvents/reagents (pyridine, N, N-
dimethylformamide and imidazole) to form "organic aqua regia" to dissolve gold and

palladium®. The limitation of the above method is that it can only dissolve one or two

precious metals and the reagent composition is complicated, which not only increases
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the difficulty of actual operation, but also increases the cost of recovery. In the process
of reducing PM** to PM", scientists usually design materials that can withstand acid to
extract precious metal ions. Hong et al. reported a porous porphyrin polymer which can
quantitatively capture precious metals ion from the acidic exudate of e-waste?®. The
existing methods in the literature can achieve selective reduction of a precious metal.
Smith et al. used 1,3:2,4-dibenzylidenesorbitol as a raw material to prepare a hydrogel
material capable of extracting gold/silver ions?’. Queen et al. prepared Fe-BTC/PpPDA
composite material, which was proven to quickly extract trace amounts of gold ion from
water mixtures®®. In fact, the dissolution process of precious metals is more difficult to
achieve than reduction because precious metals are chemically inert, which require

strong oxidizing reagents.

It has been reported that the photocatalysis can generate highly reactive free
radicals in the reaction system under mild conditions. Moreover, the photocatalytic
technology has the advantages of simple operation, low energy consumption, no
secondary pollution and high efficiency. Photocatalytic oxidation has become a
technology of choice to tackle environmental pollution and energy crisis due to its direct
utilization of solar light-driven reaction and good catalyst stability. The oxidizing
ability of photo-generated holes (TiO2 (2.91 Vxur)) is sufficient to oxidize PM° into
PM** (Rh (0.75 VruEe) <Ir (0.9 Vrug) <Pt (1.1 Vrue) < Au (1.3 Vrae)) . But so far,
there is no report on the oxidation and dissolution of precious metals by photocatalytic

method.

Here, we have realized the use of photocatalysis to dissolve precious metals,
without strong acids, strong bases and toxic solvents. It has good leaching effect for 7
kinds of precious metals (Ag, Au, Pd, Pt, Ru, Rh and Ir). Interestingly, selective
dissolution of precious metals can also be achieved, providing an easy way of
separating these metals. More importantly, this photocatalytic technology for
dissolving precious metals can not only realize the recovery of noble metal nano-
catalysts in the laboratory, but also effectively leached precious metals from e-waste,

ore and automobile three-way catalyst on a large scale. To our best knowledge, this is
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the first time that an environmental friendly photocatalysis has been applied to the

dissolution and recovery of precious metals.

Results
Photocatalytic Dissolution of Precious Metals

Here, photocatalysis was used to recycle precious metals from waste electrical and
electronic equipment (WEEE), ore waste and three-way catalytic (TWC). As shown in
Fig. 1, gold (Au) from central processing unit (CPU) board (Fig. 1a-1¢) and gold ore
(Fig. 1d-1f) was successfully dissolved by light irradiation, as well as palladium (Pd),
platinum (Pt) and rhodium (Rh) contained in TWC (Fig. 1g—1i). The required reaction
conditions are mild and the raw materials can be simply added and mixed (Extended
Data Fig. 1). By crushing the bulk samples, the reaction contact surface can be
increased and more metals will be dissolved out (Extended Data Fig. 2). As shown in
Extended Data Fig. 3, there are several metals such as copper (Cu), nickel (Ni) and
gold (Au) in the CPU board. In the process of photocatalytic dissolution, these non-
noble metals can also be dissolved (Extended Data Fig. 4). Compared with the aqua
regia method, the photocatalytic process has a mild reaction. The dissolution process of
aqua regia reacts violently and produces a large amount of toxic and harmful substances,
such as chlorine. The fracture of CPU block was seriously cracked (Extended Data

Fig. 5).
Scalability Dissolution of Precious Metals

The whole dissolution process is very simple, and the scale of the experiment can
be easily increased to the kilogram level. Take CPU and gold ore as examples (Fig. 1j—
10), we used 1.137 kg of CPU board and 1.169 kg of ore respectively. With the increase
of reaction time, the content of gold in the solution increased gradually. The color of
the solution showed the yellow characteristic of gold ions. These showed that the

method is feasible in scale-up.
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Figure 1 | Photocatalytic dissolution of precious metals from CPU board, gold ore
and TWC. Photographs of retrieving gold from CPU board (a) before and (b) after
reaction. Photographs of retrieving gold from gold ore (28.8 g) (d) before and (e) after
reaction. Photographs of retrieving precious metals from TWC (17.9 g) (g) before and
(h) after reaction. Photographs of retrieving gold from CPU board (1.137 kg) (j) before
and (k) after reaction. Photographs of retrieving gold from ore (1.169 kg) (m) before
and (n) after reaction. The amount of precious metals obtained by photocatalyzing

unbroken CPU board (c) (1), gold ore (f) (o) and TWC (i).
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Selective Dissolution of Precious Metals

We investigated the dissolution rate of different solvents for different metals under
photocatalytic conditions. In the mixed system of acetonitrile (MeCN) and
dichloromethane (DCM), 7 kinds of precious metals (Au, Ag, Pd, Pt, Ru, Rh and Ir)
can be effectively dissolved under light irradiation (Fig. 2a and Extended Data Fig.
6). While only Au, Ag and Cu can be dissolved in MeCN under the same conditions.
(Fig. 2b). Through screening 9 kinds of common solvents, it is found that only MeCN
can be used as solvent to realize this dissolution process (Fig. 2¢). The selective
dissolution of precious metals was achieved by adjusting the reaction solvent and
reaction time. Taking the CPU board as the research object, the results showed that Cu,
Ag and Au on CPU board dissolved step by step with the increase of irradiation time
(Fig. 2d-2e).

To evaluate the selectivity of photocatalytic dissolution, TiO2 samples loaded with
commonly used metals Cu, Ag, Au and Pt were selected as the research object. As
shown in Figure 2f and 2g, we sequentially dissolved Cu, Ag and Au in MeCN by
controlling the reaction time, then Pt is further dissolved by adding DCM. Finally, we
choose the e-waste powder, which contains Fe, Ni, Cu, Ag, Au and Pd. By adjusting
the solvent and reaction time, we can selectively recover the precious metals Ag, Au

and Pd (Fig. 2h-2i).
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Figure 2 | Photocatalytic selective dissolution of metals. (a) Dissolution rate of Ag,
Au, Pd, Pt, Ru, Rh and Ir in the mixed system of MeCN and DCM under photocatalytic
conditions. (b) Dissolution rate of Al, Fe, Cu, Ag, Au, Pd, Pt, Ru, Rh and Ir in MeCN
under photocatalytic conditions. (c) Dissolution rate of Au in different solution. (d)
Photographs of selective retrieving metal from CPU board. (f) Schematic diagram of
selective dissolution process of metals catalyst (1% Cu/TiO2, 1% Ag/TiO2, 1% Au/TiO2
and 1% Pt/Ti0Oz2). (h) Flow-sheet of stepwise extraction of Fe, Ni, Cu, Ag, Au and Pd
from e-waste powder. The amount of metals obtained by selective photocatalyzing (e)

CPU board, (g) metals catalyst and (i) e-waste powder.

Reduction Recovery of Precious Metal Ion
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There are many ways to reduce PM** to PMY, such as hydrogen reduction, thermal
reduction, and reducing agents. Here, we choose the simplest hydrogen reduction
method, which can directly obtain the precious metals. The reduction process is divided
into two steps: the first is to recycle the solvent, and the second is to reduce the
precipitated solid to the precious metal. (Fig. 3a-3d). The analysis shows that the purity
of the recovered precious metals is more than 98% (Fig. 3e-3h). Scanning electron
microscopy (SEM) shows that the precious metals are nanoparticles (Fig. 3i-31). X-ray
diffraction (XRD) further proved that these samples were metal Ag, Au, Pt and Pd,
respectively (Fig. 3m-3p).
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Figure 3 | Precious metal ion reduction process. The solvent of the dissolved product
is removed and then calcined in a reducing atmosphere to obtain metal (a) Ag, (b) Au,
(¢) Pt and (d) Pd. The proportion of metal elements in the (e) Ag, (f) Au, (g) Pt and (h)
Pd after roasting. SEM image of the reduced product (i) Ag, (j) Au, (k) Pt and (1) Pd.
XRD pattern of the reduced product (m) Ag, (n) Au, (o) Pt and (p) Pd.

Discussion

In order to understand the mechanism of photocatalytic dissolution of precious

metals, some controlled experiments have been conducted. A commercial 5% Pt/C
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sample is used first for photocatalyzing precious metals dissolution. Photocatalysts
(TiO2) and precious metal catalysts (5% Pt/C) are directly mixed in solvents and stirred
(Extended Data Fig. 7). As shown in Fig. 4a, Pt nanoparticles are evenly distributed
on carbon surface. Pt nanoparticles disappeared from the surface after UV light
illumination (Fig. 4b). This can be further analyzed based on the analysis of the
elements in the solution, which shows that the content of Pt gradually increases in the
solution and Pt is completely dissolved after 4 hours (Fig. 4g, red line). The change of
Pt content on the surface was further analyzed by XPS spectra®>. As the reaction
proceeded, the binding energies of Pt 4f dropped substantially (Fig. 4¢)*!. To further
analyze the structure of the product, we removed the solvent from the reaction solution
(after reaction 4 h) and extracted the luminous the yellow powder sample (Extended
Data Fig. 8a). The infrared spectrum of the powder extracted from the solution after
the reaction confirmed the formation of new materials species (Fig. 4d). By comparing
the infrared spectra of the solution after the reaction, a new infrared absorption peak
appeared in the powder sample, located in the region of 3344-2913 cm’!, which is a
typical N-H stretching vibration peak®?. Moreover, the original C-N peak disappeared,
which indicates that MeCN can react to form a substance containing N-H bond during
the dissolution process®*. X-ray diffraction (XRD) analysis of powder samples showed
that the diffraction of ((NH4)xPtCly) sample has the hexachloroplatinate structure
((NH4)2PtCls) (PDF#07-0218)) (Fig. 4e). Compared with the commercial (NH4)2PtCle,
the powder samples have similar colors and XRD peak shapes (Extended Data Fig.
8b-8¢). The N-H peak in powder infrared should be the amino vibration peak in this
sample. Energy disperse spectroscopy (EDS) mapping analysis demonstrated that there
were only three elements (N, Cl, Pt) in powder samples (Extended Data Fig. 9), which
is consistent with the results of XRD. X-ray photoelectronic spectroscopy (XPS)
analysis further showed that the valence states of platinum in the sample were mainly
tetravalent and divalent (Pt** (73.4 eV and 75.3 eV) and Pt** (76.7 eV and 78.6 eV))
(Fig. 4f)**. The N and Cl elements also exhibit corresponding peaks of N-H and Pt-Cl
(Extended Data Fig. 10). Through electron paramagnetic resonance (EPR) test of the

solution, the valence states of platinum in the sample might also have a small amount
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of Pt* or Pt** (Extended Data Fig. 11)*. From the valence state of Pt, it shows that Pt

has been oxidized from Pt° to Pt**.

Platinum nanoparticles (Pt NPs) on different supports (SiO2, Al2O3 and molecular
sieve) can be dissolved by photocatalytic technology (Extended Data Fig. 12). The
main function of the TiOz2 is to produce active species under light irradiation. Other
photocatalysts, such as ZnO (under UV light irradiation) or CdS (under visible light
irradiation), can also realize the dissolution of Pt NPs (Extended Data Fig. 13).
Through the study of the content and change of various solvents, it indicates the
importance of cyano group and chloric substituent (Extended Data Fig. 14). The
aqueous solution of ammonium chloride cannot dissolve Pt NPs through photocatalytic
technology, and the inorganic chloride is also ineffective for the dissolution of Pt NPs
(Extended Data Fig. 15). The control experiments indicate that the presence of oxygen,
UV light, and photocatalyst is essential for Pt NPs dissolution (Fig. 4g). According to
the dissolution efficiency of capturing electrons (the superoxide radicals (*O2") formed
by the combination with oxygen) and holes (Fig. 4h), the photogenerated electrons and

holes are the main active charge carriers.

In addition, the *O2" and methyl radicals (*CH2R) generated during the reaction
were further verified by ESR test (Extended Data Fig. 16a). Under the condition of no
photocatalyst, free radical is not detected (Extended Data Fig. 16b). Further, the
content of hydrogen peroxide (H20z2) in the system was not detected by the iodometric
method, proving that the superoxide radical has not been converted to H202 (Extended
Data Fig. 17). Through a comprehensive analysis of the dissolution system, acetylene
was found in the gas phase (Extended Data Fig. 18). The experiments of discolored
silica gel were used to prove that there was water in the solution after reaction, and the
water content in the dissolution reaction is quantitatively detected by Karl Fischer

analysis. (Extended Data Fig. 19).

Based on the above results, the reaction mechanism of the photocatalyzing
dissolution process is proposed in Fig. 4i. Photogenerated electrons and holes on TiO2

are first excited by UV light (stage 1). Photogenerated electrons react with oxygen
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molecules to form <Oz (stage 2)°°. Holes react with MeCN in mixed solvents to
deprotonate into *CHCN radical (stage 2). DCM decomposes into *CH2Cl with strong
oxidizing ability under the excitation of light (stage 3). These active species oxidize
PM° to form PM*" (stage 4). At the same time, the solvent is decomposed into acetylene,
amino group and water. Finally, the ions coordinate with each other to form
(NH4)xPMCly (stage 5). The dissolved products of Cu and Au also have similar
compound structures, which further verifies the reliability of the mechanism. The XPS
spectra of Cu and Au show that the metal is ionized after dissolution (Extended Data
Fig. 20a and 20b). The XRD patterns of Cu compound correspond ammonium
chlorocuprate (NH4)2CuCls-2H20) (Extended Data Fig. 20c). It can be shown that the
Au product should be (NH4)xAuCly by data fitting (Extended Data Fig. 20d). The
oxidation potential and coordination environment were changed by the regulation of
solvent. Therefore, the selective dissolution of Cu, Ag and Au in MeCN can be realized
by adjusting the solvent.
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Figure 4 | Exploration of mechanism. High-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) images of 5% Pt/C (a) before and
(b) after reaction. (c) The Pt element distribution in Pt/C sample determined by XPS
spectra with reaction time. (d) FTIR spectra of solution and powder sample after
reaction. (¢) XRD patterns and (f) Pt 4f7 XPS spectra of Pt compound obtained from
the solution. (g) Dissolution rate of Pt under different conditions. (h) Dissolution rate
of Pt under the capture of different living species (DDQ capture electrons (¢7), EDTA-
2Na capture holes (h"), p-benzoquinone capture superoxide radical (¢O2Y)). (i) Proposed

mechanism for the retrieving precious metal by photocatalysis.

In this work, we are able to take the advantage of the photocatalytic oxidation
technology to solve the complete and selective dissolution of precious metals under
mild conditions. We realized the oxidation leaching of precious metal ions from e-waste,
ore and TWC, and then recovered the precious metals. The method is simple, mild and
environmentally friendly, and is suitable for all kinds of precious metals. It indicated
that the whole reaction process is stable and can be recycled. The reaction solvent can
be continuously circulated for more than 45 times (Extended Data Fig. 21). In addition,
the photocatalyst can be recycled more than 100 times (Extended Data Fig. 22a). The
morphology and structure of the photocatalyst did not change before and after the
reaction (Extended Data Fig. 22b and 22c¢), and no free form of Ti ions was detected
in the solution after dissolution (Extended Data Fig. 22d). Such a general method has
a wide range of applications and can be applied not only to the recovery of precious
metals from powder nanocatalysts, but also the recovery of precious metals from WEEE,
mining of precious metals ores and TWC. It provides a breakthrough solution for the
smelting, dissolution and recovery of precious metals, and broadens the application

field of photocatalysis.
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Data availability

The data supporting the findings of the study are available within the paper and its

Supplementary Information.
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