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Experimental sections

1. Chemicals and materials. Copper sulfate pentahydrate (CuSO4 5H,O, >99%), sodium
hydroxide (NaOH, >96.0%), ferric chloride hexahydrate (FeCl;-6H,0, >99%), cobalt chloride
hexahydrate (CoCl,-6H,0, >99%), nickel chloride hexahydrate (NiCl,-6H,0, 99%), zirconyl
chloride octahydrate (ZrOCl,-8H,0, 98%), zinc chloride (ZnCl,, 98%), cerium(IIl) chloride
heptahydrate (CeCl;-7H,0, 99%), and manganese sulfate monohydrate (MnSO,4-H,0, 99%) were
obtained from Sinopharm Chemical Reagent Co., Ltd. Acetylacetone (CsHgO,, Hacac, 99%), all
the commercial metal acetylacetonate, methanol (CH;OH, HPLC), and hexane (C¢H 4, 97%) were
purchased from Shanghai Macklin Biochemical Co., Ltd. 1-octadecene (C;sH36, 90%), oleic acid
(CigH340,, AR), oleylamine (C;gH37N, 80%-90%), and octadecanol (C;gH3sO, 99%) were
obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. High purity nitrogen (N,,
>99.999%), H,/CO,/N, mixed gas (H,/CO,/N, = 72/24/4, N, as the internal standard), and H,/Ar
mixed gas (H,/Ar = 1/9) were purchased from Saizhong Special Gas Co., Ltd in Changsha. All
chemical reagents were used as received without further purification. All aqueous solutions were

prepared using ultrapure water with a resistivity of 18.2 MQ-cm-!.



2. Fabrication of CuO NCs and recovery of organic ligands, synthesis, and purification
solvents
2.1 Synthesis of Cu(acac), from CuSQO,4-5H,0. The preparation of Cu(acac), was via the liquid
phase method using CuSO4-5H,0 and the organic ligand Hacac (Figure S1). In a typical synthesis
of Cu(acac), with a target mass of 50 g, 47.75 g of CuSO4-5H,0 was firstly dissolved in 200 mL
of ultrapure water in a 500-mL flask under magnetic stirring for 10 min to form a homogeneous
solution. 41 mL of Hacac was then added into the mixture under stirring in an ice bath for 30 min,
during which Hacac chelated with Cu?* to form Cu(acac),:

CuSOy4-5H,0 + 2Hacac — Cu(acac), + H,SO4 + 5H,O
Subsequently, 100 mL of NaOH (3.82 M) was injected into the mixture at a rate of 3 mL-min-!
under stirring in an ice bath to neutralize the generated H,SO,. The gathered Cu(acac), was further
immersed in ultrapure water for 30 min in an ice bath to remove the generated Na,SO,4, which was
then washed and collected via the vacuum suction filter system. This process was repeated three
times to remove the impurities. The washed Cu(acac), powder was finally dried at 80 °C under
vacuum for 12 h.
Detection of Cu(acac), via high performance liquid chromatography (HPLC) for the
determination of the purity and yield of home-made Cu(acac),. During the detection of
Cu(acac),, HPLC was carried out on a Shimadzu C18 column (150 mm) with methanol as the
mobile phase. The column temperature, flow rate, and detection wavelength were set as 40 °C, 0.3
ml-min!, and 293 nm, respectively. To calibrate the concentration-area curve, 0.5 mL of standard
methanol solutions of commercial Cu(acac), with the concentrations of 0, 100, 150, 200, and 250
mg-L-! were injected into HPLC through the 20-uL quantitative injection loop to achieve standard
analyte peaks for Cu(acac),. The retention time of Cu(acac), was about 3.4 min. The profile of
peak areas versus the concentrations of standard solutions was plotted, where a linear correlation
with R? = 0.999 was obtained (Figure S2a). The purity of the home-made Cu(acac), was
determined by HPLC in comparison with commercial Cu(acac),. To determine the purity of home-

made Cu(acac),, 10 mg of home-made Cu(acac), was fixed to the volume with methanol via a 50-



mL volumetric flask to achieve a concentration of approximately 200 mg-L!. The Cu(acac),
solution was then analyzed by using the same method. According to the peak areas and standard
curve, the actual concentration of the Cu(acac), solution was obtained. Thus, the purity of home-

made Cu(acac), was determined via the following equation:

_ CCu(acac)Z,a o
PCu(acac)Z - C X 100%
Cu(acac)2
where Ceucac)za and Ceyacac)2 TEpresented the actual concentration of the Cu(acac), solution
detected via HPLC and the theoretical concentration of the Cu(acac), solution, respectively. The

ultimate yield of home-made Cu(acac), (Ycycac)2) Was calculated based on the following equation:

mCu(acac)Z x PCu(acac)Z
YCu(acac)Z = X 100%

mCu(acac)Z,t

where mcyacac)2 a0d My gacac)2, Were the actual and target mass of produced Cu(acac),, respectively.

In this work, Ccy(acac)2,« Was determined as 196.9 mg-L-! via HPLC, thus:

Ce 2 1969 mg - L1
Putacacys = D20 5 100% = 4 X 100% = 98.5%

CCu(acac)Z 2000mg - L~ 1

M Cu(acac)2 AN Mcy(acac)2 Were 49.93 and 50 g, respectively, thus:

mCu(acac)Z X PCu(acaC)Z 4993 g X 98.5%
Y ot acacrs = X 100% = X 100% = 98.4%
uacad mCu(acac)Z,t 50 g

Detection of components in soaking liquid and filtrates. The soaking liquid and filtrates during
the synthesis of Cu(acac), were gathered to further detect the amount of Hacac and Cu species in
them via HPLC and inductively coupled plasma-atomic emission spectrometry (ICP-AES),
respectively. The main components of the filtrates were Hacac and Cu(acac), that were able to be
recycled. Nevertheless, a small amount of Cu(acac), and Hacac in the soaking liquid was
considered as the loss during synthetic process due to the co-existence of a mass of generated
Na,SO,4. The utilization efficiency of Hacac during the synthesis of Cu(acac), (Upacac.cu) Was

calculated in terms of the following equation:



mCu(acac)Z X PCu(acac)Z x VHacac X 2
Hacac,Cu —

U X 100%

MCu(acac)Z x vHacac,Cu
where Mcyacac)2> Vitacaes A0d Vigeae, cw Were the molar mass of Cu(acac),, the molar volume of Hacac,

and the volume of Hacac used in the synthesis of Cu(acac),, respectively. For this work:

U

Hacac,Cu

_mCu(acac)Z x PCu(acac)Z X VHacacx 2 49.93g X 98.5%

= X 100% =

MCu(acac)Z X vHacac,Cu
=96.5%

For the detection of Hacac, HPLC was carried out on a Shimadzu C18 column (150 mm) with
methanol as the mobile phase. The column temperature, flow rate, and detection wavelength were
set as 40 °C, 0.3 ml'min-!, and 273 nm, respectively. To calibrate the concentration-area curve, 0.5
mL of standard methanol solutions of Hacac with the concentrations of 0, 0.01, 0.05, 0.1, 0.15,
0.2, and 0.25 mL-L-! were injected into HPLC through the 20-uL quantitative injection loop to
achieve standard analyte peaks for Hacac. The retention time of Hacac was about 5.6 min. The
profile of peak areas versus the concentrations of standard solution was plotted, where a linear
correlation with R?2 = 0.999 was obtained (Figure S2b). The amount of Hacac in the soaking liquid
and filtrates was quantified according to the peak areas and standard curve. In this work, the
volumes of filtrates and soaking liquid were 262 and 220 mL, respectively. For the soaking liquid,
approximately 0.02 mL of Hacac was detected in it, while the amount of Cu species was below
the limit of detection (LOD) of ICP-AES. The volume of Hacac and the mass of Cu species were
determined as 0.16 mL and 3.90 mg in filtrates, respectively.

2.2 Fabrication of CuO NCs and recovery of organic ligands, synthesis, and purification
solvents

Standard fabrication of CuO NCs and recovery of solvents. In a typical synthesis of CuO NCs,
120 mL of ODE and 30 mL of OA were mixed together in a four-neck flask and then heated to
260 °C under stirring in N, gas flow. Subsequently, 30 g of home-made Cu(acac), was added into
the solution over approximately 20 min through a customized sample injector, after which the

mixture was held at 260 °C for another 20 min and then cooled to room temperature. A violent

261.76 g



reaction occurred with the generation of large amounts of smoke after adding Cu(acac), and the
initial transparent solution turned to turbid and brownish black. Cu NCs as products were separated
by adding 800 mL of ethanol antisolvent to the reaction solution, followed by centrifugation at
12000 rpm for 20 min. Cu NCs were further calcinated at 500 °C for 1 h in air flow (1 bar, 50
sccm) to remove the residual organic solvents, after which CuO NCs were finally obtained.
Moreover, a condensate tube and a 250-mL flask with 200 mL of H,O in it were orderly connected
with the four-neck flask to recover the generated Hacac during the synthetic process. The
concentration of Hacac was further detected via HPLC. Besides, the collected supernatants were
distilled to separate ODE/OA and ethanol using a laboratory rotary evaporator.

Cu NCs before calcination for TEM characterization. Cu NCs before calcination for
morphology and structure analysis were further washed with hexane and ethanol to remove excess
reactants and byproducts. Typically, 2 mL of hexane and 20 mL of ethanol were added into 0.5
mL of synthesis solution containing Cu NCs, followed by centrifugated at 12000 rpm for 20 min
after ultrasonic treatment for 30 min. This process was repeated for several times, and the washed
Cu NCs were redispersed in hexane for TEM characterization.

Detection of recovered ODE and ethanol via gas chromatography (GC). The amount of
recovered ODE and ethanol was detected via GC (Shimadzu GC-2014C) equipped with a flame
ionization detector. To calibrate the concentration-peak area curve, a series of standard ODE and
ethanol solutions were prepared. The profiles of peak areas versus the concentrations were then
plotted (Figure S4).

Calculations of production rate of the generated NCs and recovery rate of solvents. The

production rate of the generated NCs was calculated via the following equation:

MNCs,a

X 100%

PNCS =
NCs,t

where Myc,, and My, were the actual and theoretical masses of generated NCs after calcination,
respectively.

The recovery rate of the organic ligand Hacac (Ry,c.c) Was determined based on the following



equation:

4

Hacac,a

R X 100%

Hacac —
Hacac,t

where Vigeaea and Vigeaey were the actual and theoretical amounts of recovered Hacac,
respectively.
The recovery rates of synthesis and purification solvents i (R;) were calculated in terms of the

following equation:

Vi
R, = UL x 100%
where V; and U; represented the amount of the recovery solvent i and the usage of the solvent i
during synthetic process, respectively.
2.3 Mechanism study of CuO NCs synthesis and Hacac recovery
Control synthesis of Cu NCs with ODE and recovery of Hacac. The control synthesis of Cu
NCs with single ODE was conducted by using the same experimental device as the standard
synthesis of Cu NCs. 150 mL of ODE in a 250 mL four-neck flask was heated to 260 °C under
stirring in the flow of N, gas and kept at that temperature for 10 min. 30 g of Cu(acac), was then
added into the solution within 20 min. After another 20 min at 260 °C, the reaction solution was
cooled to room temperature. The resulting Cu NCs were precipitated from the reaction solution by
adding 800 mL of ethanol and being centrifugated at 12000 rpm for 10 min. Hacac was also
recovered and detected during control synthesis via the similar method used for the standard
synthesis of Cu NCs. In addition, water vapor was also introduced in situ into the ODE solvent
during the synthesis of Cu NCs to preliminarily investigate the role of H,O in Hacac recovery.
Isotope labelling experiment with D,O via the detection of high-resolution gas
chromatography-mass spectrometer (HR GC-MS) measurements. To further verify the
hydrogen source of recovered Hacac, the D,O-labelled test was carried out under similar
conditions. ODE was pretreated by MgSO, drying agent to remove as much residual H,O as

possible. Cu(acac), was immersed in D,O for 24 h and then dried at 80 °C under vacuum for 12 h,



after which Cu(acac), containing D,O (named as Cu(acac), xD,0) was acquired. For the D,0O-
labelled test, 150 mL of dried ODE and 3 mL of D,O were mixed together in a four-neck flask and
heated to 260 °C under stirring in N, gas flow. 30 g of Cu(acac), xD,0 was then added into the
solution at a rate of approximately 1.5 g-min-! through a sample injector, after which the mixture
was held at 260 °C for another 20 min before it was cooled to room temperature. A condensate
tube and a 200-mL flask were orderly connected with the four-neck flask to gather the generated
products. It’s worth mentioning that no H,O was in the 250-mL flask. The gathered solution was
further diluted by hexane for the detection via HR GC-MS (ThermoFisher Scientific Com.).
Control reaction with CuO and ODE. A control reaction with CuO and ODE was conducted to
elucidate the role of ODE during the synthesis of Cu NCs. 1 g of CuO powder and 10 mL of ODE
were mixed together and heated to 260 °C under N, atmosphere. The mixture was maintained at
that temperature for 60 min, followed by being centrifuged at 12000 rpm for 10 min after cooled
to room temperature. The obtained powder was gathered for further XRD characterization.
Besides, the supernatant after reaction was collected and further detected via 'H nuclear magnetic
resonance (NMR, Bruker AVANCE III 500M). 10 uL of the supernatant was dissolved in 600 uL.
of CDCI; for "H NMR test.

Control synthesis of Cu NCs with different surfactants. The control synthesis of Cu NCs with
different surfactants was performed using the similar procedure to the standard synthesis of Cu
NCs, except that 30 mL of OA was adjusted to 30 mL of OAm or ODL. Cu NCs and Hacac were
also gathered for further characterizations.

Control synthesis of Cu NCs without N, gas. The control synthesis of Cu NCs without N, was
conducted under the similar conditions to the standard synthesis of Cu NCs, except that no N, was
introduced during the synthesis process.

Control synthesis of Cu NCs via heating-up method. In a typical synthesis via heating-up
method, 30 g of Cu(acac),, 120 mL of ODE, and 30 mL of OA were added into a 250-mL four-
neck flask at room temperature. The mixture was gradually heated to 260 °C under stirring in the

flow of N, gas, and maintained at that temperature for 30 min. After the solution was cooled to



room temperature, the generated Cu NCs were precipitated from the reaction solution by adding

800 mL of ethanol and being centrifugated at 12000 rpm for 10 min.
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Figure S1. (a) The synthetic procedure of Cu(acac), from CuSO,-5H,0. (b) The picture of home-

made Cu(acac),. (c) XRD profiles of home-made and commercial Cu(acac),.

In a single synthetic process of Cu(acac), from CuSOy4-5H,0, 49.93 g of Cu(acac), was produced
with a purity of 98.5% and a yield of 98.4%. Besides, the utilization efficiency of Hacac achieved
96.5%. Only 0.02 mL of Hacac was detected in the soaking liquid, while the amount of Cu species
in it was below the LOD of ICP-AES. Only 0.61 mL of Hacac and 3.90 mg of Cu species were

determined in filtrates.
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Figure S2. (a-b) Standard curves of the detection of Cu(acac), and Hacac via HPLC.
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Figure S3. TEM images of Cu NCs (a) before and (b) after calcination. The insets in panels a and
b were the size distribution histograms of Cu NCs before and after calcination, respectively. (c)

XRD patterns of Cu and CuO NCs.
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Figure SS. (a) TEM image and (b) XRD pattern of Cu particles synthesized with only ODE as the

solvent.
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Figure S6. Fourier transform infrared (FTIR) spectra of home-made Cu(acac),.

The band at around 3443 cm! indicated the existence of water in home-made Cu(acac),.5!
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Figure S7. (a) HR GC-MS spectra of the recovered Hacac with H,O and D,0. Molecular structures

of (b) Hacac and (c¢) Dacac.

Due to the diketo-enol tautomerization, Hacac generally exists in two forms, i.e. diketo and enol.5?
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Figure S9. Schematic diagram of the recovery of Hacac and formation of Cu NCs.



Figure S10. TEM images of Cu NCs synthesized (a) with octadecanol as the surfactant, (b) with

OAm as the surfactant, and (c) via the heating-up method.
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Figure S11. Ligand exchange between OA and Cu(acac), with the formation of Hacac.



3. Fabrication of Fe,O3 NCs and recovery of organic ligands, synthesis, and purification
solvents

3.1 Synthesis of Fe(acac); from FeCl;-6H,0. The synthesis of Fe(acac); was carried out via the
similar liquid phase method. In a typical synthesis of Fe(acac); with a target mass of 50 g, 38.27 g
of FeCl;-6H,0 was dissolved in 200 mL of ultrapure water in a 500-mL flask under magnetic
stirring for 10 min to form a homogeneous solution. 45 mL of Hacac was then added into the flask
under stirring in an ice bath for 30 min, during which Hacac chelated with Fe3* to form Fe(acac);:

FeCl;-6H,0 + 3Hacac — Fe(acac); + 3HCI + 6H,O

100 mL of NaOH (4.25 M) was injected into the mixture at a rate of 3 mL-min! under stirring in
an ice bath to neutralize the generated HCI. The gathered Fe(acac); was further immersed in
ultrapure water for 30 min in an ice bath to remove the generated NaCl, which was then washed
and collected via the vacuum filtration system. This process was repeated three times to remove
the impurities. The washed Fe(acac); powder was finally dried at 80 °C under vacuum for 12 h.
The purity and yield of home-made Fe(acac); were also determined by means of HPLC via the
similar method to that of Cu(acac),. The profile of peak areas versus the concentrations of standard
Fe(acac); solutions was plotted, where a linear correlation with R? = 0.996 was obtained (Figure
S13). To determine the purity of home-made Fe(acac);, a methanol solution of Fe(acac); with a
concentration of approximately 200 mg-L-! was prepared. The Fe(acac); solution was then
analyzed by using the same method. According to the peak areas and standard curve, the actual
concentration of the Fe(acac); solution was obtained. In this work, the purity of home-made

Fe(acac)s (Pre(acac)3) Was determined based on the following equation:

Cr 3 193.0mg - L1
P roacays = et 5 100% = g x 100% = 96.5%

CFe(acac)3 2000mg - L~ 1

where Cregcac)za and Creucaes Tepresented the actual concentration of the Fe(acac); solution
detected via HPLC and the theoretical concentration of the Fe(acac); solution, respectively. The

ultimate yield of home-made Fe(acac); (Yrecac)3) Was calculated via the following equation:



mFe(acac)3 X PFe(acac)3 47.69 g X 96.5%
Y ot acacs = X 100% = x 100% = 92.0%
e(acac) mFe(acac)3,t 50 )

where mregcac)3 and Mpegueac 3 Were the actual and target mass of produced Fe(acac)s, respectively.

Besides, the soaking liquid and filtrates during the synthesis of Fe(acac); were gathered to detect
the amount of Hacac and Fe species in them via HPLC and ICP-AES, respectively. In this work,
the volumes of filtrates and soaking liquid were 275 and 370 mL, respectively. The volume of
Hacac and the mass of Fe species were determined as 2.17 mL and 12.82 mg in filtrates,
respectively. For the soaking liquid, approximately 0.30 mL of Hacac and 62.53 mg of Fe species
was detected in it. In this work, the utilization efficiency of Hacac for the synthesis of Fe(acac);

(Unacac.Fe) Was calculated in terms of the following equation:

U

Hacac,Fe

_mFe(acac)S X PFe(acac)3 X Viacac X 3 47.69 g X 96.5%

= X 100% =
Mpeacacys X VHacac,Fe
=91.5%

where Mre(ucac)3 and Viaeae, re Were the molar mass of Fe(acac); and the volume of Hacac used in
the synthesis of Fe(acac)s, respectively.

3.2 Standard fabrication of Fe,O; NCs and recovery of solvents. In a typical synthesis of Fe,0;
NCs, 120 mL of ODE and 30 mL of OA were mixed together in a four-neck flask and then heated
to 260 °C under stirring in N; gas flow. Subsequently, 30 g of home-made Fe(acac); was gradually
added into the solution in about 20 min through the customized sample injector, after which the
mixture was held at 260 °C for another 20 min before it was cooled to room temperature. The
products were separated by adding 800 mL of ethanol antisolvent to the reaction solution, followed
by centrifugation at 12000 rpm for 10 min. The gathered products were further calcinated at 500

°C for 1 h in a muffle furnace to remove the residual organic solvents. Moreover, Hacac, ODE,

and ethanol were also recovered during the synthesis of Fe,O3 NCs.

353.17 g
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Figure S12. (a) The synthetic procedure of Fe(acac); from FeCl;-6H,0. (b) The picture of home-

made Fe(acac)s. (¢) XRD profiles of home-made and commercial Fe(acac)s.

In a single synthetic process of Fe(acac); from FeCls;-6H,0, 47.69 g of Fe(acac); was produced
with a purity of 96.5% and a yield of 92.0%. The utilization efficiency of Hacac was 91.5%. Only

2.17 mL of Hacac and 12.82 mg of Fe species were determined in filtrates.
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Figure S13. The standard curve of the detection of Fe(acac); via HPLC.
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Figure S14. (a-b) TEM images and (c) XRD patterns of FeOy before and after calcination. The

insets in panels a and b were the size distribution histograms of Fe;04 and Fe,O3 NCs, respectively.



4. Fabrication of Co3;04 NCs and recovery of organic ligands, synthesis, and purification
solvents
4.1 Synthesis of Co(acac), from CoCl,-6H,0. In a typical synthesis of Co(acac), with a target
mass of 50 g, 46.26 g of CoCl,-6H,0 was dissolved in 200 mL of ultrapure water in a 500-mL
flask under magnetic stirring for 10 min to form a homogeneous solution. 41 mL of Hacac was
then added into the flask under stirring in an ice bath for 30 min, during which Hacac chelated
with Co?" to form Co(acac),:

CoCl,-6H,0 + 2Hacac — Co(acac), + 2HCI + 6H,0
100 mL of NaOH (3.89 M) was injected into the mixture at a rate of 3 mL-min! under stirring in
an ice bath to neutralize the generated HCI. The gathered Co(acac), was further immersed in
ultrapure water for 30 min in an ice bath to remove the generated NaCl, which was then washed
and collected via the vacuum filtration system. This process was repeated three times to remove
the impurities. The washed Co(acac), powder was finally dried at 80 °C under vacuum for 12 h.
The purity and yield of home-made Co(acac), were also determined by means of HPLC. The
profile of peak areas versus the concentrations of standard Co(acac), solutions was plotted, where
a linear correlation with R? = 0.998 was obtained (Figure S16). A methanol solution of Co(acac),
with a concentration of approximately 200 mg-L-! was prepared to determine the purity of home-
made Co(acac),. The Co(acac), solution was then analyzed by using the same method. According
to the peak areas and standard curve, the actual concentration of the Co(acac), solution was
obtained. In this work, the purity of home-made Co(acac), (Pcofacac)2) Was determined via the

following equation:

Ce 2 194.6 mg - L~ 1
Peotacacys = 2922 5 100% = 4 X 100% = 97.3%

CCo(acac)Z 2000mg - L~ 1

where Ceoacacsza and Ceoacac)2 TEpresented the actual concentration of the Co(acac), solution
detected via HPLC and the theoretical concentration of the Co(acac), solution, respectively. The

ultimate yield of home-made Co(acac), (Yco(acac)2) Was calculated based on the following equation:



Meo(acac)2 X PCo(acac)Z 4841 g X 97.3%
Ycotacac2 = x 100% = X 100% = 94.2%
mCo(acac)Z,t 50 g

where mco(acac)2 ANd Mcpracac)2, Were the actual and target mass of produced Co(acac),, respectively.

Besides, the soaking liquid and filtrates during the synthesis of Co(acac), were gathered to detect
the amount of Hacac and Co species in them via HPLC and ICP-AES, respectively. In this work,
the volumes of filtrates and soaking liquid were 254 and 360 mL, respectively. The volume of
Hacac and the mass of Co species were determined as 1.15 mL and 158.73 mg in filtrates,
respectively. For the soaking liquid, approximately 0.04 mL of Hacac and 455.76 mg of Co species
was detected in it. In this work, the utilization efficiency of Hacac for the synthesis of Co(acac),

(Unacac.co) Was calculated in terms of the following equation:

U

Hacac,Co

_mCo(acac)Z X PCo(acac)Z X Vyacac X 2 4841 g X 97.3%

= X 100% =
Motacac)2 X VHacac,co
=94.1%

where Mc,acac)2 and Vigeae, co Were the molar mass of Co(acac), and the volume of Hacac used in
the synthesis of Co(acac),, respectively.

4.2 Standard fabrication of Co;04 NCs and recovery of solvents. In a typical synthesis of Co;04
NCs, 120 mL of ODE and 30 mL of OA were mixed together in a four-neck flask and then heated
to 260 °C under stirring in N, gas flow. Subsequently, 30 g of home-made Co(acac), was added
into the solution within about 20 min through a customized sample injector, after which the mixture
was held at 260 °C for another 20 min before it was cooled to room temperature. The products
were separated by adding 800 mL of ethanol antisolvent to the reaction solution, followed by
centrifugation at 12000 rpm for 10 min. The gathered products were further calcinated at 500 °C

for 1 h in a muffle furnace to remove the residual organic solvents. Moreover, Hacac, ODE, and

ethanol were also recovered during the synthesis of Co3;04 NCs.
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Figure S15. (a) The synthetic procedure of Co(acac), from CoCl,-6H,0. (b) The picture of home-

made Co(acac),. (¢) XRD profiles of home-made and commercial Co(acac),.

In a single synthetic process of Co(acac), from CoCl,-6H,0, 48.41 g of Co(acac), was produced
with a purity of 97.3% and a yield of 94.2%. The utilization efficiency of Hacac was 94.1%. Only

1.15 mL of Hacac and 158.73 mg of Co species were determined in filtrates.
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Figure S16. The standard curve of the detection of Co(acac), via HPLC.
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Figure S17. (a-b) TEM images and (c) XRD patterns of Co;04 NCs before and after calcination.

The inset in panel b was the size distribution histogram of Co;04 NCs after calcination.



5. Fabrication of NiOy NCs and recovery of organic ligands, synthesis, and purification
solvents
5.1 Synthesis of Ni(acac), from NiCl,-6H,0. In a typical synthesis of Ni(acac), with a target
mass of 50 g, 46.26 g of NiCl,-6H,0 was dissolved in 200 mL of ultrapure water in a 500-mL
flask under magnetic stirring for 10 min to form a homogeneous solution. 41 mL of Hacac was
then added into the flask under stirring in an ice bath for 30 min, during which Hacac chelated
with Ni?* to form Ni(acac),:
NiCl,-6H,0 + 2Hacac — Ni(acac), + 2HCI + 6H,0

100 mL of NaOH (3.89 M) was injected into the mixture at a rate of 3 mL-min! under stirring in
an ice bath to neutralize the generated HCI. The gathered Ni(acac), was further immersed in
ultrapure water for 30 min in an ice bath to remove the generated NaCl, which was then washed
and collected via the vacuum filtration system. This process was repeated three times to remove
the impurities. The washed Ni(acac), powder was finally dried at 80 °C under vacuum for 12 h.
The purity and yield of home-made Ni(acac), were also determined by means of HPLC. The profile
of peak areas versus the concentrations of standard Ni(acac), solutions was plotted, where a linear
correlation with R> = 0.996 was obtained (Figure S19). A methanol solution of Ni(acac), with a
concentration of approximately 200 mg-L-! was prepared to determine the purity of home-made
Ni(acac),. The Ni(acac), solution was then analyzed by using the same method. According to the
peak areas and standard curve, the actual concentration of the Ni(acac), solution was obtained. In
this work, the purity of home-made Ni(acac), (Pyicay2) Was determined via the following
equation:

Chiacac)2 a 199.2mg - L1

Phicacacyz =7 X 100% = — X 100% = 99.6%
Ni(acac)2 200.0mg - L

where Chiacac)2 and Chiaeac)2 Tepresented the actual concentration of the Ni(acac), solution detected
via HPLC and the theoretical concentration of the Ni(acac), solution, respectively. The ultimate

yield of home-made Ni(acac), (Yyiscac)2) Was calculated based on the following equation:



mNi(acac)Z X PNi(acac)Z o 49.35 g X 99.6% 0 0
Yitacacy2 = X 100% = X 100% = 98.3%

mNi(acac)Z,t 50 g

where myiacac)2 and Myiacac)2, Were the actual and target mass of produced Ni(acac),, respectively.

Besides, the soaking liquid and filtrates during the synthesis of Ni(acac), were gathered to detect
the amount of Hacac and Ni species in them via HPLC and ICP-AES, respectively. In this work,
the volumes of filtrates and soaking liquid were 246 and 380 mL, respectively. The volume of
Hacac and the mass of Ni species were determined as 0.92 mL and 347.72 mg in filtrates,
respectively. For the soaking liquid, approximately 0.35 mL of Hacac and 698.82 mg of Ni species
was detected in it. In this work, the utilization efficiency of Hacac for the synthesis of Ni(acac),

(Unacac.ni) Was calculated in terms of the following equation:

U

Hacac,Ni

mNi(acac)Z X PNi(acac)Z X VHacacx 2 % 100% 49.35g X 98.3%
= 0:
MNi(acac)Z X VHacac,Ni 256.91g'

=98.3%

where Myiacac)2 and Viggeae ni Were the molar mass of Ni(acac), and the volume of Hacac used in
the synthesis of Ni(acac),, respectively.

5.2 Standard fabrication of NiO, NCs and recovery of solvents. In a typical synthesis of NiOy
NCs, 120 mL of ODE and 30 mL of OA were mixed together in a four-neck flask and then heated
to 300 °C under stirring in N, gas flow. Subsequently, 30 g of home-made Ni(acac), was added
into the solution within approximately 20 min, after which the mixture was held at 300 °C for
another 10 min before it was cooled to room temperature. The products were separated by adding
800 mL of ethanol antisolvent to the reaction solution, followed by centrifugation at 12000 rpm
for 10 min. The gathered products were further calcinated at 500 °C for 1 h in a muffle furnace to
remove the residual organic solvents. Moreover, Hacac, ODE, and ethanol were also recovered

during the synthesis of NiO4 NCs.
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Figure S18. (a) The synthetic procedure of Ni(acac), from NiCl,-6H,0. (b) The picture of home-

made Ni(acac),. (¢) XRD profiles of home-made and commercial Ni(acac)s.

In a single synthetic process of Ni(acac), from NiCl,-6H,0, 49.35 g of Ni(acac), was produced
with a purity of 99.6% and a yield of 98.3%. The utilization efficiency of Hacac was 98.3%. Only

0.92 mL of Hacac and 347.72 mg of Ni species were determined in filtrates.
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Figure S19. The standard curve of the detection of Ni(acac), via HPLC.
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The inset in panel a was the size distribution histogram of Ni NCs before calcination.

As shown in Figure S20c¢, hexagonal Ni NCs (PDF#04-1027) were directly obtained. The
crystalline structure of NiO NCs after calcination was attributed to cubic Ni (PDF#04-0850) and
NiO (PDF#47-1049) phases.



6. Fabrication of ZrO, NCs and recovery of organic ligands, synthesis, and purification
solvents
6.1 Synthesis of Zr(acac), from ZrOCl, -8H,0. In a typical synthesis of Zr(acac), with a target
mass of 50 g, 33.04 g of ZrOCl,-8H,0 was dissolved in 50 mL of ultrapure water in a 250-mL
flask under magnetic stirring for 10 min to form a homogeneous solution. 43 mL of Hacac was
then added into the flask under stirring in an ice bath for 30 min, during which Hacac chelated
with Zr** to form Zr(acac),:
ZrOCl,-8H,0 + 4Hacac — Zr(acac), + 2HCI1 + 9H,0

100 mL of NaOH (4.10 M) was injected into the mixture at a rate of 3 mL-min! under stirring in
an ice bath to neutralize the generated HCl. The gathered Zr(acac), was further immersed in
ultrapure water for 30 min in an ice bath to remove the generated NaCl, which was then washed
and collected via the vacuum filtration system. This process was repeated three times to remove
the impurities. The washed Zr(acac), powder was finally dried at 80 °C under vacuum for 12 h.
The purity and yield of home-made Zr(acac), were also determined by means of HPLC. The profile
of peak areas versus the concentrations of standard Zr(acac), solutions was plotted, where a linear
correlation with R? = 0.999 was obtained (Figure S22). A methanol solution of Zr(acac), with a
concentration of approximately 200 mg-L-! was prepared to determine the purity of home-made
Zr(acac),. The Zr(acac)y solution was then analyzed by using the same method. According to the
peak areas and standard curve, the actual concentration of the Zr(acac), solution was obtained. In
this work, the purity of home-made Zr(acac)s (Pzacacs) Was determined via the following
equation:

Crr(acac)ba 197.1mg-L~!

PZr(acac)4 = c. X 100% = 1 X 100% = 98.5%
Zr(acac)4 200.0mg - L

where Czucacys and Czyacac)s TEpresented the actual concentration of the Zr(acac), solution detected
via HPLC and the theoretical concentration of the Zr(acac), solution, respectively. The ultimate

yield of home-made Zr(acac)s (Y7 acac)4) Was calculated based on the following equation:



er(acac)4 X PZr(acac)4 38.35g X 98.5%
Y, 4= X 100% = X 100% = 75.6%
r(acad) er(acac)4,t 50 g

where Mz (acacys a0 Mz acac)4, Were the actual and target mass of produced Zr(acac),, respectively.

Besides, the soaking liquid and filtrates during the synthesis of Zr(acac), were gathered to detect
the amount of Hacac and Zr species in them via HPLC and ICP-AES, respectively. In this work,
the volumes of filtrates and soaking liquid were 120 and 254 mL, respectively. The volume of
Hacac and the mass of Zr species were determined as 6.89 mL and 13.2 mg in filtrates,
respectively. For the soaking liquid, approximately 0.60 mL of Hacac and 205.74 Zr species was
detected in it. In this work, the utilization efficiency of Hacac for the synthesis of Zr(acac),

(Untacac.zr) Was calculated in terms of the following equation:

U

Hacac,Zr

Mz (acac)s X PZr(acac)4 X VHacac X 4)( 100% 38.35g X 98.5%
= 0 —
MZr(acac)4 x vHacac,Zr 491.69g‘

=75.3%

where Mz, (acacy4 and Vigeqc, z- Were the molar mass of Zr(acac)4 and the volume of Hacac used in the
synthesis of Zr(acac),, respectively.

6.2 Standard fabrication of ZrO, NCs and recovery of solvents. In a typical synthesis of ZrO,
NCs, 150 mL of ODE was heated to 260 °C under stirring in N, gas flow in a four-neck flask.
Subsequently, 30 g of home-made Zr(acac), was added into the solution within approximately 20
min through a customized sample injector, after which the mixture was held at 260 °C for another
20 min before it was cooled to room temperature. The products were separated by direct
centrifugation at 12000 rpm for 30 min, which were further calcinated at 500 °C for 1 h in a muffle
furnace to remove the residual organic solvents. Moreover, Hacac, ODE, and ethanol were also

recovered during the synthesis of ZrO, NCs.
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Figure S21. (a) The synthetic procedure of Zr(acac), from ZrOCl,-8H,O0. (b) The picture of home-

made Zr(acac),. (¢) XRD profiles of home-made and commercial Zr(acac),.

In a single synthetic process of Zr(acac), from ZrOCl,-8H,0, 38.35 g of Zr(acac), was produced
with a purity of 98.5% and a yield of 75.6%. The utilization efficiency of Hacac was 75.3%. 6.89

mL of Hacac and 13.2 mg of Zr species were determined in filtrates.
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Figure S22. The standard curve of the detection of Zr(acac), via HPLC.
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Figure S23. (a-b) TEM images and (c) XRD patterns of ZrO, NCs before and after calcination.

As shown in Figure S23c¢, ZrO, NCs after calcination were composed of tetragonal ZrO, phase

(PDF#88-1007) and monoclinic ZrO, phase (marked with grey circles).



7. Fabrication of ZnO NCs and recovery of organic ligands, synthesis, and purification
solvents
7.1 Synthesis of Zn(acac), from ZnCl,. In a typical synthesis of Zn(acac), with a target mass of
50 g, 25.85 g of ZnCl, was dissolved in 200 mL of ultrapure water in a 500-mL flask under
magnetic stirring for 10 min to form a homogeneous solution. 40 mL of Hacac was then added
into the flask under stirring in an ice bath for 30 min, during which Hacac chelated with Zn?* to
form Zn(acac),:

ZnCl, + 2Hacac — Zn(acac), + 2HCI
100 mL of NaOH (3.79 M) was injected into the mixture at a rate of 3 mL-min! under stirring in
an ice bath to neutralize the generated HCl. The gathered Zn(acac), was further immersed in
ultrapure water for 30 min in an ice bath to remove the generated NaCl, which was then washed
and collected via the vacuum filtration system. This process was repeated three times to remove
the impurities. The washed Zn(acac), powder was finally dried at 40 °C under vacuum for 24 h.
The purity and yield of home-made Zn(acac), were also determined by means of HPLC. The
profile of peak areas versus the concentrations of standard Zn(acac), solutions was plotted, where
a linear correlation with R> = 0.998 was obtained (Figure S25). A methanol solution of Zn(acac),
with a concentration of approximately 200 mg-L-! was prepared to determine the purity of home-
made Zn(acac),. The Zn(acac), solution was then analyzed by using the same method. According
to the peak areas and standard curve, the actual concentration of the Zn(acac), solution was
obtained. In this work, the purity of home-made Zn(acac), (Pzuucac)2) Was determined via the

following equation:

CZn(acac)Z,a o 196.5 mg - L~ 1 0 0
P rnacacys = —————— X 100% = x 100% = 98.3%

CZn(acac)Z 2000mg - L~ 1

where Czyiacac2 and Czycac)2 Tepresented the actual concentration of the Zn(acac), solution
detected via HPLC and the theoretical concentration of the Zn(acac), solution, respectively. The

ultimate yield of home-made Zn(acac), (¥z,(cac)2) Was calculated based on the following equation:



mZn(acac)Z X PZn(acac)Z 45.23g X 98.3%
Y 7n(acac)2 = X 100% = x 100% = 88.9%
Mzn(acac)2,t 50g

where mz,qcac)2 and Mz, 4cac)2, Were the actual and target mass of produced Zn(acac),, respectively.

Besides, the soaking liquid and filtrates during the synthesis of Zn(acac), were gathered to detect
the amount of Hacac and Zn species in them via HPLC and ICP-AES, respectively. In this work,
the volumes of filtrates and soaking liquid were 240 and 232 mL, respectively. The volume of
Hacac and the mass of Zn species were determined as 0.91 mL and 385.20 mg in filtrates,
respectively. For the soaking liquid, approximately 1.03 mL of Hacac and 590.44 mg of Zn species
was detected in it. In this work, the utilization efficiency of Hacac for the synthesis of Zn(acac),

(Unacac.zn) Was calculated in terms of the following equation:

U

Hacac,Zn

Mzn(acac)z ¥ PZn(acac)Z X Viacac X 2 % 100% 45.23 g X 98.3%
= 0 —
MZn(acac)Z x vHacaC,Zn 263.6g '

= 88.7%

where Mz, ucac)2 and Viaeac zo Were the molar mass of Zn(acac), and the volume of Hacac used in
the synthesis of Zn(acac),, respectively.

7.2 Standard fabrication of ZnO NCs and recovery of solvents. In a typical synthesis of ZnO
NCs, 150 mL of ODE were heated to 260 °C under stirring in N, gas flow in a four-neck flask.
Subsequently, 30 g of home-made Zn(acac), was added into the solution within approximately 20
min through a customized sample injector, after which the mixture was held at 250 °C for another
20 min before it was cooled to room temperature. ZnO NCs as products were separated by direct
centrifugation at 12000 rpm for 30 min, which were further calcinated at 400 °C for 1 h in a muffle
furnace to remove the residual organic solvents. Moreover, Hacac, ODE, and ethanol were also

recovered during the synthesis of ZnO NCs.
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Figure S24. (a) The synthetic procedure of Zn(acac), from ZnCl,. (b) The picture of home-made

Zn(acac),. (¢) XRD profiles of home-made and commercial Zn(acac)s.

In a single synthetic process of Zn(acac), from ZnCl,, 45.23 g of Zn(acac), was produced with a
purity of 98.3% and a yield of 88.9%. The utilization efficiency of Hacac was 88.7%. Only 0.91

mL of Hacac and 385.20 mg of Zn species were determined in filtrates.
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Figure S25. The standard curve of the detection of Zn(acac), via HPLC.
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patterns of ZnO NCs before and after calcination.



8. Fabrication of CeO, NCs and recovery of organic ligands, synthesis, and purification
solvents
8.1 Synthesis of Ce(acac); from CeCl;-7H,0. In a typical synthesis of Ce(acac); with a target
mass of 50 g, 42.59 g of CeCl;-7H,0 was dissolved in 200 mL of ultrapure water in a 500-mL
flask under magnetic stirring for 10 min to form a homogeneous solution. 36 mL of Hacac was
then added into the flask under stirring in an ice bath for 30 min, during which Hacac chelated
with Ce3* to form Ce(acac)s:

CeCl3-7H,0 + 3Hacac — Ce(acac); + 3HCI + 7H,0
100 mL of NaOH (3.43 M) was injected into the mixture at a rate of 3 mL-min! under stirring in
an ice bath to neutralize the generated HCl. The gathered Ce(acac); was further immersed in
ultrapure water for 30 min in an ice bath to remove the generated NaCl, which was then washed
and collected via the vacuum filtration system. This process was repeated three times to remove
the impurities. The washed Ce(acac); powder was finally dried at 80 °C under vacuum for 12 h.
The purity and yield of home-made Ce(acac); were also determined by means of HPLC. The
profile of peak areas versus the concentrations of standard Ce(acac); solutions was plotted, where
a linear correlation with R> = 0.996 was obtained (Figure S28). A methanol solution of Ce(acac);
with a concentration of approximately 200 mg-L-! was prepared to determine the purity of home-
made Ce(acac);. The Ce(acac); solution was then analyzed by using the same method. According
to the peak areas and standard curve, the actual concentration of the Ce(acac); solution was
obtained. In this work, the purity of home-made Ce(acac)s; (Pcefucac3) Was determined via the

following equation:

Ce 3 183.1mg- L1
P oacarys = —t 5 100% = 4 X 100% = 91.6%

CCe(acac)3 2000mg - L~ 1

where Ceeacacrza ad Ceeacac)3 Tepresented the actual concentration of the Ce(acac); solution
detected via HPLC and the theoretical concentration of the Ce(acac); solution, respectively. The

ultimate yield of home-made Ce(acac); (Yce(cac)3) Was calculated based on the following equation:



mCe(acac)3 X PCe(acac)S 4798 g X 91.6%
Y. 3= X 100% = %X 100% = 87.8%
elacac) mCe(acac)3,t 50 g

where mcegucac)3 and Me(acac)3 Were the actual and target mass of produced Ce(acac)s, respectively.

Besides, the soaking liquid and filtrates during the synthesis of Ce(acac); were gathered to detect
the amount of Hacac and Ce species in them via HPLC and ICP-AES, respectively. In this work,
the volumes of filtrates and soaking liquid were 240 and 362 mL, respectively. The volume of
Hacac and the mass of Ce species were determined as 0.03 mL and 12.00 mg in filtrates,
respectively. For the soaking liquid, approximately 0.03 mL of Hacac and 17.01 mg of Ce species
was detected in it. In this work, the utilization efficiency of Hacac for the synthesis of Ce(acac);

(Unacac.ce) Was calculated in terms of the following equation:

U

Hacac,Ce

_mCe(acac)3 X PCe(acac)3 X Viacac X 3 4798 g X 91.6%

= X 100% =
M eacac)s X VHacac,ce
=88.1%

where Mce(acac)3 aNd Vigeae ce Were the molar mass of Ce(acac); and the volume of Hacac used in
the synthesis of Ce(acac)s, respectively.

8.2 Standard fabrication of CeO, NCs and recovery of solvents. In a typical synthesis of CeO,
NCs, 120 mL of ODE, 18 mL of OAm, and 12 mL of OA were mixed together in a four-neck flask
and then heated to 260 °C under stirring in N, gas flow. The mixture was maintained at 260 °C for
10 min to form a stable transparent solution. Subsequently, 30 g of home-made Ce(acac); was
added into the solution over approximately 20 min through a customized sample injector, after
which the mixture was held at 260 °C for another 20 min before it was cooled to room temperature.
The products were separated by direct centrifugation at 12000 rpm for 20 min, which were further

calcinated at 400 °C for 1 h in a muffle furnace to remove the residual organic solvents. Moreover,

Hacac, ODE, and ethanol were also recovered during the synthesis of CeO, NCs.

437.44 g
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Figure S27. (a) The synthetic procedure of Ce(acac); from CeCl;-7H,0. (b) The picture of home-

made Ce(acac);. (¢) XRD profiles of home-made and commercial Ce(acac)s.

In a single synthetic process of Ce(acac); from CeCls, 47.98 g of Ce(acac); was produced with a
purity of 91.6% and a yield of 87.8%. The utilization efficiency of Hacac was 88.1%. Only 0.03

mL of Hacac and 12.00 mg of Ce species were determined in filtrate.
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Figure S28. The standard curve of the detection of Ce(acac); via HPLC.
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Figure S29. TEM images of CeO, NCs (a) before and (b) after calcination. (c) XRD patterns of

CeO, NCs before and after calcination.



9. Fabrication of Mn;04 NCs and recovery of organic ligands, synthesis and purification
solvents
9.1 Synthesis of Mn(acac), from MnSQO,4-H,O. In a typical synthesis of Mn(acac), with a target
mass of 50 g, 33.38 g of MnSO4-H,0 was dissolved in 200 mL of ultrapure water in a 500-mL
flask under magnetic stirring for 10 min to form a homogeneous solution. 42 mL of Hacac was
then added into the flask under stirring in an ice bath for 30 min, during which Hacac chelated
with Mn?* to form Mn(acac),:

MnSO,4-H,0 + 2Hacac — Mn(acac), + H,SO4 + H,O
100 mL of NaOH (3.95 M) was injected into the mixture at a rate of 3 mL-min! under stirring in
an ice bath to neutralize the generated H,SO,4. The gathered Mn(acac), was further immersed in
ultrapure water for 30 min in an ice bath to remove the generated NaSO,, which was then washed
and collected via the vacuum filtration system. This process was repeated three times to remove
the impurities. The washed Mn(acac), powder was finally dried at 80 °C under vacuum for 12 h.
The purity and yield of home-made Mn(acac), were also determined by means of HPLC. The
profile of peak areas versus the concentrations of standard Mn(acac), solutions was plotted, where
a linear correlation with R? = 0.998 was obtained (Figure S31). A methanol solution of Mn(acac),
with a concentration of approximately 200 mg-L-! was prepared to determine the purity of home-
made Mn(acac),. The Mn(acac), solution was then analyzed by using the same method. According
to the peak areas and standard curve, the actual concentration of the Mn(acac), solution was
obtained. In this work, the purity of home-made Mn(acac), (Ppacac)2) Was determined via the

following equation:

CMn(acac)Z,a 1971 mg- L~ 1
Puncacacyy = x 100% = - X 100% = 98.5%
CMn(acac)Z 2000mg - L~

where Chacac)2a and Chpacac)2 Tepresented the actual concentration of the Mn(acac), solution
detected via HPLC and the theoretical concentration of the Mn(acac), solution, respectively. The
ultimate yield of home-made Mn(acac), (Yimgcae2) Was calculated based on the following

equation:



mMn(acac)Z X PMn(acac)Z 0 4290 g % 98.5% 0 0
Y pn(acacyz = X 100% = X 100% = 84.6%

mMn(acac) 2t 50 g

where Mypcac)2 and Mygpaeac)2; Were the actual and target mass of produced Mn(acac),,
respectively.

Besides, the soaking liquid and filtrates during the synthesis of Mn(acac), were gathered to detect
the amount of Hacac and Mn species in them via HPLC and ICP-AES, respectively. In this work,
the volumes of filtrates and soaking liquid were 200 and 260 mL, respectively. The volume of
Hacac and the mass of Mn species were determined as 0.03 mL and 247.00 mg in filtrates,
respectively. For the soaking liquid, approximately 0.43 mL of Hacac and 513.50 mg of Mn
species was detected in it. In this work, the utilization efficiency of Hacac for the synthesis of

Mn(acac), (Ungcae.mn) Was calculated in terms of the following equation:

U

Hacac,Mn

_ Mymn(acac)z X PMn(acac)Z X Vyacac X 2 4290 g X 98.5% >

= X 100% =
M y1nacac)2 X VHacacun
=83.7%

where My acac)2 and Vigeae, mn Were the molar mass of Mn(acac), and the volume of Hacac used in
the synthesis of Mn(acac),, respectively.

9.2 Standard fabrication of Mn;O, NCs and recovery of synthesis solvents. In a typical
synthesis of Mn;O4 NCs, 120 mL of ODE and 30 mL of OA were mixed together in a four-neck
flask and then heated to 260 °C under stirring in N, gas flow. Subsequently, 30 g of home-made
Mn(acac), was added into the solution within around 20 min through a customized sample injector,
after which the mixture was held at 260 °C for another 20 min before it was cooled to room
temperature. Mn3;O,4 NCs as products were separated by adding 800 mL of ethanol antisolvent to
the reaction solution, followed by centrifugation at 12000 rpm for 10 min. Mn3;0O,4 NCs were further

calcinated at 400 °C for 1 h in a muffle furnace to remove the residual organic solvents. Moreover,

Hacac, ODE, and ethanol were also recovered during the synthesis of Mn;O4 NCs.

253.15g -1
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Figure S30. (a) The synthetic procedure of Mn(acac), from MnSO,-H,O. (b) The picture of home-

made Mn(acac),. (¢) XRD profiles of home-made and commercial Mn(acac)s,.

In a single synthetic process of Mn(acac), from MnSO,4-H,0, 42.90 g of Mn(acac), was produced
with a purity of 98.5% and a yield of 84.6%. The utilization efficiency of Hacac was 83.7%. Only

0.03 mL of Hacac and 237.00 mg of Mn species were determined in filtrates.
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Figure S32. TEM images of Mn;O4 NCs (a) before and (b) after calcination. The insets in panels
a and b were the size distribution histograms of Mn;O, NCs before and after calcination,

respectively. (¢) XRD patterns of Mn3O4 NCs before and after calcination.



Table S1. The amount of chemicals used during the synthesis of M(acac)x with a target mass of

50 g.
M(acac)y Metal precursor (g) Hacac (mL) | 100 mL of NaOH (M)
Cu(acac), | 47.75 g, CuSO4-5H,0 41 3.82
Fe(acac); 38.27 g, FeCl5-6H,0 45 4.25
Co(acac), 46.26 g, CoCl,-6H,0O 41 3.89
Ni(acac), 46.26 g, NiCl, 6H,0 41 3.89
Zr(acac); | 33.04 g, ZrOCl,-8H,0 43 4.10
Zn(acac), 25.85 g, ZnCl, 40 3.79
Ce(acac); 42.59 g, CeCl;-7H,0 36 343
Mn(acac), | 33.38 g, MnSO,4-H,0 42 3.95
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Figure S33. Recovery rates of ethanol during the synthesis of MO, NCs.

It’s worth mentioning that ethanol was not utilized during the synthesis of ZrO,, ZnO, and CeO,
NCs.



Table S2. Summary of fabrication of metal or MOy NCs using traditional colloidal synthesis

methods.
Mpre Vol Vaur T Yiel
NCs Precursor Solvent Surfactant Ref.
(2 (mL)® (mLy | (°C) | d (g)
This
CuO Cu(acac), 30 ODE 120 OA 30 260 | 9.12
work
Fe;0y4 Fe-OA 36 ODE 254 OA 6.4 | 300 | 40 S4
Fe;0, Fe(acac); 100 | hexadecanol | 490 / / 300 | 20.3 | S5
Fe;04 Fe(acac)s 22 ODE 400 OA/OAm 19/65 | 230 6 S6
MnOy Mn(acac), 5.1 OAm 123 | dihydroxynaphthalene 6 300 | 3.8 S7
Zn0O Zn-OA 18 OAm 300 OA 90 300 | 2.83 S8
benzyl
710, | Zr(OC3H7)4 CsH,OH | 66.6 600 / / 210 / S9
alcoho
CeO, CeCl; 15.6 OAm 200 / / 265 / S10
CeO, Ce(NO3)3 17 OAm 200 OA 38 320 10 S11

@ Mpre, the mass of metal precursors. ® Vi, the volume of synthesis solvents. ¢ Vg, the volume of

surfactants.




Table S3. Brunauer-Emmett-Teller (BET) surface areas of as-obtained MO, NCs.

Sample BET surface area (m?/g)
CuO 34.5
Fe,05 37.3
Co0304 33.1
NiOy 54.6
V4(0)} 543
ZnO 31.2
CeO, 131.8
Mn;04 25.7




10. Multi-round fabrication of multimetallic oxide NCs with recovered solvents

10.1 Standard fabrication of CuO/Zn0O/Zr0O, NCs. The fabrication of multimetallic oxide NCs
and recovery of solvents were also via the solid hot-injection solvent-recycle method in this work.
Take the synthesis of CuO/ZnO/ZrO, NCs with a CuO molar ratio of 4.5% (named as 4.5%-
Cu0O/Zn0O/Zr0,) as an example. 140 mL of ODE and 10 mL of OA were mixed together in a four-
neck flask and then heated to 260 °C under stirring in N, gas flow. 2.19 g of Zn(acac), and 27.05
g of Zr(acac), were homogeneously mixed together and then added into the solution within around
20 min through the customized sample injector, which was held at 260 °C for another 20 min.
After cooled down to room temperature, 0.79 g of Cu(acac), was subsequently added into the
Zn0/ZrO,-containing solution. The mixture was kept at 120 °C for 10 min and then heated to 260
°C for 10 min. The products were separated by adding 800 mL of ethanol antisolvent to the reaction
solution, followed by centrifugation at 12000 rpm for 20 min. The gathered products were further
calcinated at 500 °C for 3 h in a muffle furnace. Moreover, Hacac, ODE, and ethanol were also
recovered during the synthesis of 4.5%-CuO/ZnO/ZrO, NCs.

10.2 Successive rounds of 4.5%-CuQO/ZnO/ZrO, NCs synthesis with recovered solvents. The
recovered solvents were reused for the multi-round fabrication of 4.5%-CuO/ZnO/ZrO, NCs.
Cu(acac),, Zn(acac),, and Zr(acac), were obtained from the recovered Hacac and supplemented
fresh Hacac. The recovered ODE and ethanol still served as the synthesis solvent and precipitating
agent, respectively. The amount of recovered Hacac, ODE/OA, and EtOH were firstly detected via
GC after each synthesis round. Based on this, corresponding fresh solvents were then
supplemented before the next synthesis process. The solvents were recovered and reused four
times with the production of five batches of NCs. The amounts of recovered and supplemented

solvents during each synthesis round were listed in Table S4.



Figure S34. TEM images of 4.5%-CuO/Zn0O/ZrO, NCs in the first round.



Figure S35. High-resolution TEM images of 4.5%-CuO/ZnO/ZrO, NCs.
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Figure S36. (a) Cu 2p, (b) Zn 2p, (¢) Zr 3d, and (d) O ls XPS spectra of 4.5%-CuO/Zn0O/ZrO,

NCs.



Table S4. The amount of recovered and supplemented solvents during each synthesis round.

Round | Voivens (ML)? | Ropg (%)? | Sope (ML) | Soa (ML)? | Reon (%)° | Sgion (mLY
1 124 80.2 16 10 97.5 20
2 148 87.8 0 10 96.5 28
3 140 73.4 0 10 98.4 13
4 130 90.0 10 10 97.3 22
5 145 87.7 / / 96.6 /

¢ Violvents> the overall volume of recovered solvents after rotary evaporation. ® Ropg, the recovery

rate of ODE. ¢ Sopg, the volume of supplemented ODE. ¢ Sq5, the volume of supplemented OA. ¢

Reion, the recovery rate of ethanol. / Sg,on, the volume of supplemented ethanol.

OA as the surfactant was almost completely consumed in each synthesis round. Accordingly, the
recovered solvent was directly added 10 mL of fresh OA before the next synthesis round. ODE

was supplemented in rounds 1 and 4 to ensure that the whole volume of the reaction solvent

remained at 150 mL.
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Figure S37. XRD patterns of 4.5%-CuO/Zn0O/ZrO, NCs for five successive rounds.
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Table S5. BET surface areas of 4.5%-CuO/Zn0/ZrO, NCs for five successive rounds.

Round BET surface area (m?/g)

1 50.3
2 514
3 54.4
4 534

5 62.7
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Figure S39. Recovery rates of ethanol during each synthesis round of 4.5%-CuO/ZnO/ZrO, NCs.



11. Catalytic CO; hydrogenation over CuO/ZnO/ZxO, NCs

11.1 Synthesis of CuO/ZnO/ZrO, with different CuO molar ratios. CuO/Zn0O/ZrO, NCs with
different CuO molar ratios were prepared following the same method with 4.5%-CuO/ZnO/ZrO,
NCs except for the regulation of metallic precursors (Tables S6-S7).

11.2 Catalytic tests of CuO/ZnO/ZrO, NCs in CO, hydrogenation. The hydrogenation of CO,
over CuO/Zn0O/ZrO, NCs was conducted on a fixed-bed stainless-steel tubular reactor with a
quartz tube as the lining (vodo company). In a typical catalytic test, 0.5g of CuO/ZnO/ZrO, NCs
was diluted with 0.5 g of quartz sand and then packed in the quartz tube. Prior to each catalytic
measurement, the catalyst was reduced in H,/Ar mixed gas flow (H,/Ar =1/9, 50 sccm) at 350 °C
for 1 h under atmospheric pressure. Then the temperature was cooled down to 40 °C, and the
reductive gas was replaced by the reaction gas (H,/CO,/N, = 72/24/4, N, as the internal standard).
The standard reaction was conducted at 260 °C under 3.0 MPa with a WHSV of 14400 mL-g.,"
I-h’l, The reactants and products flowing out in the reactors were analyzed by an online gas
chromatographer (GC, FULI 9790 IT) equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID). The internal standard method was applied to calculate the amounts
of products. CO, conversion, STY, and selectivity were obtained from the GC data. Besides, the

catalytic performance under different temperatures, pressures, and WHSV was also evaluated.
Each condition is maintained for 4 h to collect the related data. The CO, conversion rate (X €02),

STY, and selectivity of methanol (S)..0y) were defined in the following equations:

Nco2,in = Nco2,0ut o
X0y = x 100%

Nco2,in

n
S = e % 100%
MeOH

Neo2,in = Nco2,out

11y Tcozin X Xcoz X Syeon X Myeon % 1000
STY(MeOH) (mgMeOH "Yeat.” h ) =

mcat.

where "c020ut and "MeoH represented the outflow rate of CO, and methanol (mol-h'),



respectively; Mcozin was the inflow rate of CO, (mol-h); Mpeon and Meat. represented the

relative molecular mass of MeOH and the mass of the catalyst (g), respectively.



Table S6. The amount of M(acac), used in the synthesis of CuO/ZnO/ZrO, NCs with different

CuO molar ratios.

Sample Cu(acac), (g) | Zn(acac), (g) | Zr(acac), (g)
Zn0/Zr0O, / 2.24 27.74
1.8%-CuO/Zn0O/ZrO, 0.32 2.22 27.46
8.8%-Cu0/Zn0O/Z1O, 1.58 2.13 26.35
16.9%-Cu0O/Zn0O/Zx0O, 3.15 2.02 24.96




Table S7. Chemical compositions (molar ratios) of CuO/ZnO/ZrO, NCs determined by ICP-AES.

Sample Cu (%) Zn (%) Zr (%)
Zn0/ZrO, / 13.9 86.1
1.8%-Cu0O/Zn0O/ZrO, 1.6 13.1 85.3
4.5%-Cu0O/Zn0O/ZrO, 4.1 13.4 82.7
8.8%-Cu0/Zn0O/ZrO, 8.5 12.7 78.8
16.9%-CuO/Zn0O/Zr0O, 15.5 11.3 73.2
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Figure S40. XRD patterns of CuO/ZnO/ZrO, NCs with different CuO molar ratios.



Figure S41. (a-b) TEM images of the pre-reduced 4.5%-CuO/ZnO/ZrO, NCs.



6.5 -+
e
) 6.0 1
£
s e Y
5.5 E,=26.8% 1.2 kJ-mol
1.7 1.8 1.9 2.0

1000/T (K™

Figure S42. The Arrhenius plot for methanol synthesis over 4.5%-CuO/ZnO/ZrO, NCs.
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Table S8. Summary of different catalysts for the hydrogenation CO, into methanol in recent

literature.
Catalysts T (°C) | P (MPa) | Hy/CO, | WHSV* | Conv. (%) | Sel. (%) | STY? Ref.
4.5%- This
260 3 3 14400 10.8 77.5 413.0
Cu0O/Zn0O/Z10, work
Zn0/Zr0O, 320 5 4 24000 10 91 720 S12
Cuy/ZrO, single-
180 3 3 1200 ~1.5 ~100 ~6.4 S13
atom catalyst
Cu/Zn0O/ZrO, 220 3 3 6000 18.2 80.6 297 S14
Zn0O/Cu/Zn0O/Zxr0O, | 277 3 3 7500¢ 6.5 ~45% 121.6 S15
Cu/Zn0O/Zr0O, 250 3 3 3600 17.5 ~49 137.6 S16
Cu/Zn0O/Zr0O, 240 4 3 18000 ~15 ~80 750 S17
Cu/Zn0O/Zr0O, 200 2 4 48000 ~4 ~80 450 S18
Cu/Zn0O/Zr0O, 250 3 3 24000 9 45 319 S19
Cu/Zn0O/Zr0,/GO 240 2 3 15600 ~15.5 ~35 ~280 S20

¢ WHSV, mL-g.,."!*h"!. » Conv., the conversion rate of CO,. ¢ Sel., the selectivity of methanol. ¢

STY, mgmeon® gear,*h7!. ¢ Gas hourly space velocity (GHSV), h-!l.




12. Instrumentations

TEM and HAADF-STEM images for 4.5%-CuO/Zn0O/ZrO, NCs in the first round were collected
on a JEOL ARM200F field-emission transmission electron microscope with an acceleration
voltage of 200 kV. Other TEM images were collected on a transmission electron microscope
(Talos F200X). The morphology features of 4.5%-CuO/ZnO/ZrO, NCs-used were obtained SEM
(Quanta FEG 250). XRD patterns were recorded using the Rigaku X-ray diffractometer (Rigaku,
MiniFlex 600) with Cu-Ka radiation (A =1.54178 A). XPS measurements were operated in Kratos
Axis suprat+. All of the XPS data were fitted by “XPS Peak Fitting Program for WIN95/98
XPSPEAK Version 4.1” developed by Raymund W.M. Kwok. The amount of water in ODE was
determined by Kulun Carl Fischer moisture meter (Metrohm-852). FTIR spectroscopy was carried
out with a FTIR spectrometer (Bruker TENSOR 1I). The BET surface areas of the samples were
measured on a Micromeritics ASAP 2460 adsorption apparatus. I[CP-AES (Atomscan Advantage,
Thermo Jarrell Ash, USA) was used to determine the molar ratios of Cu, Zn, and Zr in

Cu0O/Zn0O/ZrO, NCs.
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