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Figure S1. A dicopper(II) tetracarboxylate building block for MOF-199 with key 
distances of Cu–Cu 2.628(2) Å, Cu–OCO 1.952(3) Å and Cu–OH2 2.165(8) Å. 
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Figure S2. EDS mapping and spectral analysis for the CuS-C structure sulfurized 
and carbonized at 350 °C. Notice that the Si and O peaks are associated with the 
Si/SiOx substrate for the EDS analysis. 
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Figure S3. EDS mapping and spectral analysis for the Cu1.8S-C structure sulfurized 
and carbonized at 550 °C.  
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Figure S4. EDS mapping and spectral analysis for the Cu2S-C structure sulfurized 
and carbonized at 650 °C.  
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Figure S5. EDS mapping and spectral analysis for the as-synthesized MOF-199 
structure is shown above. The results are summarized in the below graph in which 
the bound states of Cu exhibit a higher emission spectra (keV). No extraneous peaks 
were observed suggesting clean synthesis, processing and purification except the Si 
peak corresponding to the Si/SiOx substrate. 

The mechanism of multistep reaction of CuxS-C with oxygen 
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For the CuS-C sample, the mass drop occurred at the temperature ranging from 
150 to 222 °C, which is associated with the oxidation of amorphous carbon and the 
emission of SO2 gas as by-products during the conversion of CuS to Cu2S (Eq. 1).  

ܵݑܥ2  + ܱଶ  → ଶܵݑܥ   + ܱܵଶ                 …… (Eq. 1) 
 

The Cu9S5 (Cu1.8S) in the Cu9S5-C sample was transformed to Cu2S (Eq. 2). 
ଽܵହݑܥ2  + ܱଶ  → ଶܵݑܥ9   + ܱܵଶ                 …… (Eq. 2) 

 
After both samples (CuS-C and Cu1.8S-C) were converted to Cu2S-C, they 

thermally behaved like the Cu2S-C sample, in which Cu2S was oxidized to Cu2O (Eq. 
3).  

ଶܵݑܥ2  + 3ܱଶ  → ଶܱݑܥ2   + 2ܱܵଶ              …… (Eq. 3) 
 
We observed a slight mass drop (~9 wt%) present in the TGA curve for the Cu2S-

C sample; this is attributed to the oxidation of the carbon in the temperature range 
of 296 to 337 °C.  

From 210 °C onwards, all the three samples showed a mass uptake, proportional 
to the amount of CuxS content present in each sample. This response is due to the 
conversion of Cu2S to intermediate copper sulphate (CuO·CuSO4) as expressed in 
the Eq. 4.  

ଶܵݑܥ  + ܱܵଶ + ܱଶ  → ܱݑܥ   ∙ ܵݑܥ ସܱ           …… (Eq. 4) 
 
For the Cu-rich (Cu1.8S-C and Cu2S-C) and Cu-poor phase (CuS-C) samples, the 

copper sulphates were stable up to ~640 and ~600 °C, respectively. Afterwards, the 
mass drops of CuS-C, Cu1.8S-C and Cu2S-C samples occurred until temperatures rose 
to 742, 820, and 778 °C, respectively (Eq. 5 and 6).  

 
ܱݑܥ2 ∙ ܵݑܥ ସܱ  → ܱݑܥ4 + 2ܱܵଶ + ܱଶ          …… (Eq. 5) 

 
→ ܱݑܥ4 ଶܱݑܥ2  + ܱଶ                   …… (Eq. 6) 

 
Finally, we observed no significant weight loss of all the samples up to 900 °C, 

resulting in the weight losses of ~68% (CuS-C), ~69% (Cu1.8S-C) and ~89% (Cu2S-C), 
respectively (see Figure 4 in the manuscript). Based on this mechanism, we 
calculated the mass fraction of CuxS in CuxS-C: ~46% (CuS-C), ~77% (Cu1.8S-C) and 
~100% (Cu2S-C), respectively, according to the residual molecular weight of 89% for 
the conversion of Cu2S to Cu2O and 148% for the conversion of CuS to Cu2O. Despite 
the calculated mass fraction (~100%) for the Cu2S-C sample, we confirmed the 
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presence of carbon in the sample by the EDS mapping results (Figure S4). Therefore, 
we determined a mass fraction of ~91% for the Cu2S in the Cu2S-C sample based on 
the aforementioned mass drop (~9 wt%) of the TGA curve of the Cu2S-C sample. 

 
 
 
 
 

 
 

 
 
Figure S6. HRTEM images to demonstrate the core/shell structure of the Cu1.8S-C/C 
sample showing the interlayer distance (~0.27 nm) of Cu1.8S (200) plane and the 
thickness (~2.6 nm) of carbon coating layer (C). 
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Figure S7. EDS line scanning results of a Cu1.8S-C/C core-shell structure to identify 
the distribution of elemental S and C present in the structure.  
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Figure S8. Raman spectra of the Cu1.8S-C structure sulfurized and carbonized at 
550 °C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

500 1000 1500 2000 2500 3000

Cu1.8S-C

D

 

In
te

ns
ity

 (a
. u

.)

Raman shift (cm-1)

G



 10 of 10 

 

 
Figure S9. Cycling performance and its corresponding Coulombic efficiency of the 
Cu1.8S-C/C anode structure at 2C for 110 cycles. 

 

 

© 2019 by the authors. Submitted for possible open access publication under the terms 
and conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 
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