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Table S1. Summary of hybrid composites reported in the literature.

No. Hybrid type Precursor 
materials

Preparation 
method Application Reference

1 Aluminum-h-
BN-GNP

H-BN and 
graphene

ultrasonic 
dispenser for 1 h

Automotive and 
aerospace 

applications
1

2
Aluminum 

alloys-h-BN-
GNP

h-BN and 
graphite

Hummer’s 
method

Corrosion 
protection

2

3 GO/BN hybrid 
membranes

GO and amino 
groups 

functionalized 
BN

heated to 80 °C 
for 2 h

Electronic 
devices heat 

transfer 
materials

3

4 Mxene-PSZ-
ABN Mxene and h-BN crosslinked at 

160 ◦C for 12 h

Thermally 
conductive 
materials

4

5 Graphene/BNN Graphene and 
BNN

stirring and 
sonication Sensor 5

6
f-BNNS-

Ti3C2Tx/PBI 
composite

Functionalized 
BNN and Mxene

ball milling and 
thermal reaction

Thermal 
conductivity

6

7 RGO-h-
BN/STG h-BN and RGO

ultrasonication, 
ball grinding and 

quartz tube 
reactor

Thermal 
transport 

performance
7

8 Graphene/h-BN BNN and 
graphite

CVD method 
(graphene 

growth on the 
BNN surface)

Oxygen 
reduction 
reaction

8

9 EP/GNS/BNO
H aerogel BNOH and GO mixing and 

thermal reaction
Thermal 

insulation
9

10 GO/BNN PVA 
film GO and BNN

stirred at room 
temperature for 3 

days

Thermal 
conductive 
polymers

10

11
Epoxy/

graphene/
boron nitride

Graphene and 
BN

ultrasonication 
for 1 h

High thermal 
conductivity 

material
11

12 Polystyrene-
BNN-graphene

BNN and 
graphene

sonication for 1 
h

Thermal 
conductive 

12
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polymeric

No. hybrid type Precursor 
materials

Preparation 
method Application Reference

13
Brophene-
graphene 
aerogel

Borophene and 
GO

 mixing individual 
materials Sensors 13

14 Mxene/GO GO and Mxene
mixing GO with 
Mxene at room 

temperature for 6 h
Supercapacitors 14

15 Graphene/
BNN

 Graphene and 
BNN

sonication and 
hydrothermal 

treatment

Insulating 
composites

15

16 Mxene/BNN Mxene and 
BNN

sonication for 20 
min

Electronic 
devices

16

17 BNN/GO BNN and GO mixed Electronic 
systems

17

18 Graphene/
Mxene GO and Mxene mixed  Flexible 

electronics
18

19
EP/BN-PDA-

MXene 
composites

BNN and 
Mxene stirring for 24 h Fireproof 

material
19

20 BNN/GO GO and BNN  ball-milled for 8 h Battery 20

21 TPU/BNN/
GO GO and BNN

oxidized BN was 
reacted with grafted 

GO 

H2 gas barrier 
coating 

applications
21

22
Silicone 

rubber/BNN/
GO

Functionalized 
BNN and 
graphene

sonication for 1 h  Thermally 
conductive

22

23 GO/graphene 
film

GO and 
graphene stirred for 24 h Flexible device 23

24
BNOH–

GNP/TPU 
Hybrid

NaOH 
modified BNN 
and graphene

mixed Wearable cooled 
smart clothes

24

25 BNN/FFG h-BN and 
graphite

sonication for 24 h 
using tannic acid Biocompatible 25
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Fig. S1. Digital picture of sample (a) BNN/FFG; (b) FFG/FFB; (c) FFG/MXene; (d) 

BNN/FFB; (e) BNN/MXene; and (f) FFB/MXene liquid stored water dispersions after 

sonication.
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Fig. S2. EDS analysis of (a) FFG/MXene, (b) BNN/MXene, (c) FFB/MXene, (d) BNN/FFG, 

(e) FFG/FFB, and (f) BNN/FFB.
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Table S2. Elemental composition of hybrids through EDS analysis.

Atomic %
Sample

C O B N Al Ti

FFG/MXene 24.81 73.03 0.34 1.82

BNN/MXene 13.59 34.53 35.96 15.04 0.06 0.82

FFB/MXene 16.51 59.36 22.3 0.35 1.48

BNN/FFG 13.82 45.4 28.86 11.92

FFG/FFB 33.85 30.1 36.05

BNN/FFB 10.51 13.75 44.35 31.39

Table S3. Elemental composition of nanomaterials and hybrids through XPS 
analysis.

Atomic %
Sample

C O B N Al Ti

FFG 78.18 21.82

BNN 47.07 19.03 15.16 18.74

MXene 42 36.58 1.08 20.34

FFB 45.92 35.98 18.10

BNN/FFG 19.64 38.49 25.85 16.02

BNN/FFB 40.25 18.37 18.79 22.6

FFG/MXene 70.19 28.07 1.74

BNN/MXene 34.86 18.67 19.95 25.81 0.71

FFG/FFB 83.00 11.24 5.77

FFB/MXene 46.26 37.9 12.98 2.86



7

Fig. S3. Images of (a) chitosan films containing 1 wt% hybrids (a1-a6) and mixtures 

(a7-a12); (b) PVA films containing 1 wt% hybrids (b1-b6) and mixtures (b7-b12).
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Table S4. Cost of the solvents retrieved from Sigma-Aldrich as of January 2024. 

Solvent Quantity used

Sigma price 

(KRW) Cost (KRW)/100ml

Cost (USD)/100ml

(Rate 0.00076)

Coffee Waste 100 ml 501.75/ 1000 ml 50.175 0.038

Gallnut Powder 100 ml 801.75/ 1000 ml 80.175 0.061

Acetone 100 ml 71,456/500 ml 14,292.1 10.862

DMF 100 ml 91,553/250 ml 36,624.2 27.834

Ethanol 100 ml 103,400/1000 ml 10,340 7.858

DMSO 100 ml 581,189/1000 ml 58,118.9 44.170

IPA 100 ml 80,869/500 ml 16,173.8 12.292

Table S5. Cost of the solvent by calculation.

Quantity used
Price (KRW) (including power 

consumption)
In detail

Coffee Waste 

Powder
10 g 501.75/1000 ml

Gallnut 

Powder 10 g 801.75/1000 ml

Electric brewing kettle power: 300 W

Centrifuge power: 2.7 kW

Electricity bills: 111.5 KRW

The life cycle assessment (LCA) has an important role in investigating the potential 

environmental impacts of new technologies to develop an understanding of their potential 

environmental burdens by considering all activities from raw material acquisition through 

production, use, and final disposal. Due to the complexity of the raw material and limited 

database resources, utilizing existing graphite and graphene databases as reference, we 

performed a LCA of the technology described herein including activities from raw material 

extraction and processing to graphene production. The functional unit is the procedure required 

to prepare 1 g of graphene. The system boundaries of this study represent a cradle-to-gate 

perspective. This process includes the first step of coffee extract preparation, the second step 

of sonication, centrifugation, washing, and drying to obtain graphene. The general scheme of 

the LCA system boundaries is shown in Fig. S4. The methods of IPCC 2021 GWP 100a V1.02 
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was considered for this LCA, and the software SimaPro was used for the calculations. We 

include three impact categories: energy use, biogenic, and land transformation. For all other 

processes, inventory data was obtained from the Ecoinvent database.

Fig. S4. Flowchart describing the cradle-to-gate life cycle of graphene produce.

Fig. S5. Life cycle global warming potential of graphene production.
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Table S6. Input data for the process.

Process1-input Electrical Power
Coffee Waste Powder 10 g

Distilled Water 1 L 1000 g
Electric kettle power 

consumption 0.3 kWh 300 W
Process1-output

CWE 1000 ml
Process2-input

CWE 1000 ml
Graphite 10 g

Sonication power 
consumption 8.4 kWh 350 W

Centrifuge consumption 2.25 kWh 2.7 kW
Process2-output

Graphene 1 g
Unexfoliated graphite 9 g

Solvent 1000 ml
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Table S7. Numerical results presented for LCA analysis.

Raw 
material 

acquisition 
and 

preparation 
process

Product Manufacturing 
Process

Waste 
disposal 
process

Impact 
category Unit Total

CWE 
Preparation Graphite

Ultrasonication 
power 

consumption

Centrifuge 
power 

consumption

Waste liquid 
treatment

GWP100 - 
fossil

kg 
CO2-

eq
7.6256609 0.21029009 0.000715934 5.8479882 1.5664254 0.000241294

GWP100 - 
biogenic

kg 
CO2-

eq
0.007679042 0.000243815 6.94E-07 0.005839832 0.001564241 3.05E-05

GWP100 - 
land 

transformation

kg 
CO2-

eq
0.004165862 1.16E-04 1.36E-06 0.003192853 8.55E-04 3.13E-07

Total Carbon Footprint 7.637505805 0.210650012 0.000717988 5.857020886 1.568844869 0.000272068

Percentage 100% 2.76% 0.01% 76.69% 20.54% 0.00%
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