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1. Supporting Note S1：Experimental Details

(1) Materials and Characterizations

A4 paper (average thickness~87.5 µm) was purchased from Deli Group Co., Ltd. 

All ionic liquids were obtained from Lanzhou Greenchem ILS, LIPC, CAS (Lanzhou, 

China). Gold electrodes were made by magnetron sputtering coater (JCP-200, Beijing 

Technol Science Co., Ltd.). Electrochemical data was measured by CHI660E 

electrochemical station (Shanghai CH instrument Co., Ltd, China). The surface 

temperature changes of paper chips under different heating voltages were recorded by 

an infrared camera (Fluke Tix 660). Optical images were captured by an Olympus 

E-PM1 camera. A thermal-gravimetric analysis was operated on a Q50 TGA (Trios 

AutoPilot Instruments). 

(2) The preparation of paper-based ionic thermoelectric chip

All paper-based ionic thermoelectric chips were prepared with the use of A4 

paper stripes with 0.5 cm in width and 5.0 cm in length. Gold electrodes with the 

length of 1.0 cm were sputtered on both sides of paper stripes by magnetron 

sputtering for 60 seconds. In order to improve the stability of the chip, the gold 

electrodes were protected by scotch tapes. Two holes were subsequently punched 

through the gold electrodes for the circuit connections. Ionic liquids were printed on 

the paper stripes and encapsulated by scotch tapes. The final thermoelectric chip was 

fabricated by depositing gold electrodes again that were used to connect the inner 

ionic liquids with external measurement circuits. Following this preparation 
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procedure, paper chips with the use of other ionic liquids or with different size were 

also prepared. Moreover, single p-type and n-type thermoelectric chips could be 

alternately connected into thermoelectric arrays to increase the output voltage of the 

whole system.  

(3) The thermoelectric measurement of paper-based ionic thermoelectric chip at 

different temperature gradients

The commercial Peltier device (TES1-12703) was used to adjust the temperature 

of one side of thermoelectric chips so that a temperature gradient was generated from 

one gold electrode to another. In order to quickly cool the hot side, a cooling fan was 

placed under the Peltier device through the connection of thermal grease. The 

temperature of thermoelectric chip was synchronously detected by the thermocouple. 

Here, the thermoelectric performance of the chip was measured at five different 

temperatures, including 22 K, 32 K, 40 K, 50 K, 60 K. Each cycle of thermoelectric 

measurements includes two-minute heating process and two-minute cooling process. 

The voltage between the heating side and cooling side would be different as the 

change of temperature, and it was collected by the Electrochemical Workstation in 

open circuit potential-time (OCPT) mode.

(4) Monitoring the temperature gradient of thermoelectric chip when being 

heated 

Based on the measurement setup as stated above, the temperature gradient could be 

monitored when the thermoelectric chip was heated. Specifically, the voltage of 
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Peltier devices was adjusted from 4.0 V to 8.0 V at a gradient of 1.0 V. After heating 

for 2 minutes, the distribution of temperature was monitored by an infrared camera. 

2. Supporting Note S2: Theoretical calculations

2.1 Computation details

All density functional theory calculations were performed by VASP software based 

on Generalized Gradient Approximation (GGA). The generalized gradient 

approximation for the exchange-correlation has been represented by the 

Perdew-Burke-Ernzerhof (PBE) functionals with PAW potentials of the core, and the 

exchange-association functional used RPBE. All the calculated surfaces were Au 

(111) surfaces. The k point was set to 8×8×8 when calculating the bulk structure, and 

the k point was set to 2×2×1 when calculating the slab structure. The vacuum space of 

17Å was used in the direction normal to the Au (111) slabs to avoid interactions 

between two layers. The valence electron wave function was expanded using a plane 

wave basis set. The cutoff energy value was 550 eV. The standard of self-consistent 

field energy convergence was 1×10-5eV. The atoms have been optimized using quasi 

Newton algorithm until the forces on the atoms were less than 0.01 eV/Å3. In some 

cases, where the forces were relatively higher, we used a conjugate gradient technique 

followed by quasi Newton approach. The final geometries obtained from these 

calculations were re-optimized using the DFT-D3(B-J) method of Grimme to include 

the dispersion correction. Dipole correction has been applied in the direction of the 

molecular adsorption. During the structure optimization process, the bottom two 
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atomic layers were fixed, and the upper three atomic layers were relaxed. Gibbs free 

energy was approximately calculated by fixing one ion and moving the other ion.

2.2  INCAR file for optimized Au (111) surface

INCAR file for optimized Au (111) surface

system = Au

ISTART=0

ICHARG=2

ENCUT=550

ISMEAR = 0 

SIGMA = 0.12

EDIFF=1E-5

GGA=RE

IVDW=12

PREC=Accurate

LREAL=Auto

ALGO=Fast

EDIFFG=-0.01

IBRION=1

POTIM=0.5

NSW=300

LDIPOL=.TRUE.
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IDIPOL=3

Coordinates of the optimized Au (111) surface

Au                                      

   1.00000000000000     

    11.5360002518000009    0.0000000000000000    0.0000000000000000

    -5.7680001259000004    9.9904692761000007    0.0000000000000000

     0.0000000000000000    0.0000000000000000   26.4190998077000003

   Au

    80

Selective dynamics

Direct

  0.1666699940000029  0.3333300059999971  0.0000000000000000   F   F   F

  0.0000000000000000  0.0000000000000000  0.0891300019999974   F   F   F

  0.3333339694853521  0.1666660211462556  0.1778500570400254   T   T   T

  0.1666676939020419  0.3333322718803586  0.2666918510163327   T   T   T

  0.9999968078926358  0.0000031552757349  0.3586019860882814   T   T   T

  0.1666699889999990  0.0833299960000033  0.0000000000000000   F   F   F

  0.9999999959999997  0.2499999930000030  0.0891300019999974   F   F   F

  0.3333339694744026  0.4166660322164901  0.1778500532298324   T   T   T

  0.1666676905520106  0.0833322755673720  0.2666918407582131   T   T   T

  0.9999968032206823  0.2500031620846315  0.3586019962072129   T   T   T

  0.4166699680000008  0.0833299960000033  0.0000000000000000   F   F   F
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  0.2499999959999997  0.2499999930000030  0.0891300019999974   F   F   F

  0.0833339680302032  0.4166660403884492  0.1778500554429243   T   T   T

  0.4166676855258373  0.0833322694060641  0.2666918352650143   T   T   T

  0.2499968246367388  0.2500031822299604  0.3586019888709515   T   T   T

  0.4166699840000021  0.3333300059999971  0.0000000000000000   F   F   F

  0.2500000000000000  0.0000000000000000  0.0891300019999974   F   F   F

  0.0833339615081243  0.1666660146826118  0.1778500497288960   T   T   T

  0.4166676988239715  0.3333322798340816  0.2666918348744787   T   T   T

  0.2499968088369258  0.0000031895385106  0.3586019955464650   T   T   T

  0.6666700460000001  0.3333300059999971  0.0000000000000000   F   F   F

  0.5000000000000000  0.0000000000000000  0.0891300019999974   F   F   F

  0.8333339476125445  0.1666659918991940  0.1778500457093770   T   T   T

  0.6666677009795947  0.3333322943625205  0.2666918527462983   T   T   T

  0.4999967959016516  0.0000031759135979  0.3586019859627498   T   T   T

  0.6666700299999988  0.0833299960000033  0.0000000000000000   F   F   F

  0.5000000069999970  0.2499999930000030  0.0891300019999974   F   F   F

  0.8333339758945328  0.4166660177746593  0.1778500569657240   T   T   T

  0.6666677001102883  0.0833322772022598  0.2666918493332560   T   T   T

  0.4999967919411787  0.2500031699928513  0.3586019782845540   T   T   T

  0.9166700919999968  0.0833299960000033  0.0000000000000000   F   F   F

  0.7500000269999987  0.2499999930000030  0.0891300019999974   F   F   F

  0.5833339968287632  0.4166660346234181  0.1778500371753822   T   T   T
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  0.9166677218013035  0.0833322972089476  0.2666918506159419   T   T   T

  0.7499968190744610  0.2500031674205587  0.3586019804686913   T   T   T

  0.9166700669999983  0.3333300059999971  0.0000000000000000   F   F   F

  0.7500000209999982  0.0000000000000000  0.0891300019999974   F   F   F

  0.5833339841530929  0.1666660109227607  0.1778500406856836   T   T   T

  0.9166677232328055  0.3333322902522013  0.2666918577499260   T   T   T

  0.7499968261850398  0.0000031774415135  0.3586019772220794   T   T   T

  0.1666700059999968  0.8333299669999974  0.0000000000000000   F   F   F

  0.9999999930000030  0.4999999850000023  0.0891300019999974   F   F   F

  0.3333339657007883  0.6666660383782101  0.1778500488911234   T   T   T

  0.1666676942501439  0.8333322976523405  0.2666918569149743   T   T   T

  0.9999968057304542  0.5000031714288511  0.3586019828113578   T   T   T

  0.1666699889999990  0.5833299749999981  0.0000000000000000   F   F   F

  0.9999999790000018  0.7499999779999982  0.0891300019999974   F   F   F

  0.3333339690994492  0.9166660131738027  0.1778500409826691   T   T   T

  0.1666676945167183  0.5833322802998140  0.2666918595483594   T   T   T

  0.9999968051140016  0.7500031644583061  0.3586019686336570   T   T   T

  0.4166699789999981  0.5833299749999981  0.0000000000000000   F   F   F

  0.2499999790000018  0.7499999779999982  0.0891300019999974   F   F   F

  0.0833339645161857  0.9166660048058120  0.1778500459251617   T   T   T

  0.4166676932763593  0.5833322862335990  0.2666918458200058   T   T   T

  0.2499968135340396  0.7500031714996567  0.3586019793101229   T   T   T
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  0.4166699849999986  0.8333299669999974  0.0000000000000000   F   F   F

  0.2499999930000030  0.4999999850000023  0.0891300019999974   F   F   F

  0.0833339662834831  0.6666660208174875  0.1778500610458025   T   T   T

  0.4166676904587092  0.8333322831832177  0.2666918500193773   T   T   T

  0.2499968264708414  0.5000031792563675  0.3586019774492115   T   T   T

  0.6666700469999967  0.8333299669999974  0.0000000000000000   F   F   F

  0.4999999930000030  0.4999999850000023  0.0891300019999974   F   F   F

  0.8333339616625395  0.6666660185675823  0.1778500568763590   T   T   T

  0.6666676916934833  0.8333322709738837  0.2666918523171944   T   T   T

  0.4999967922589477  0.5000031547021777  0.3586019898382560   T   T   T

  0.6666700410000033  0.5833299749999981  0.0000000000000000   F   F   F

  0.4999999790000018  0.7499999779999982  0.0891300019999974   F   F   F

  0.8333339704899743  0.9166660051503612  0.1778500455895013   T   T   T

  0.6666676963989673  0.5833322819591231  0.2666918435773482   T   T   T

  0.4999967914721921  0.7500031612843756  0.3586019991110732   T   T   T

  0.9166700609999978  0.5833299749999981  0.0000000000000000   F   F   F

  0.7499999990000035  0.7499999779999982  0.0891300019999974   F   F   F

  0.5833339656611827  0.9166660157530657  0.1778500347118026   T   T   T

  0.9166676998308745  0.5833322890331587  0.2666918573320061   T   T   T

  0.7499968265508130  0.7500031730075705  0.3586019824881248   T   T   T

  0.9166700680000019  0.8333299669999974  0.0000000000000000   F   F   F

  0.7500000340000028  0.4999999850000023  0.0891300019999974   F   F   F
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  0.5833339831147200  0.6666660268923650  0.1778500363844060   T   T   T

  0.9166677041559197  0.8333322905517946  0.2666918511411112   T   T   T

  0.7499968139048505  0.5000031774582467  0.3586019939598657   T   T   T

3. Data section

Figure S1. Sensitivity and R-square of temperature-voltage curves of different ionic 

liquids.

Figure S2. The thermogravimetric analysis of ionic liquids. (A) [EMIm][Ac]; (B) 

[EMIm][TFSI].
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Figure S3. Adsorption structure of ionic liquid on Au(111) surface.

Table S1 Density functional calculation of desorption Gibbs free energy of 

[EMIm][TFSI] and [EMIm][Ac] at different distances at 0K.

1Å 66.81619 62.79964 76.35577 61.38211

2Å 137.65569 140.54447 166.25239 103.38552

3Å 177.93348 197.71406 248.82714 137.25491

4Å 229.68306 239.06642 308.62989 164.65335

5Å 285.98716 270.33004 348.40437 183.89398

6Å 328.99449 294.00186 376.39085 197.34209

7Å 361.88476 311.98864 395.84479 207.18693

8Å 387.29363 325.96376 411.25658 214.75878

9Å 407.71853 337.03336 423.07295 220.90732

[EMIm]+(N) [TFSI]-(N) [EMIm]+(P) [Ac]-(P)
Ion

ΔG (kJ/mol)
Distance
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Table S2 Density functional calculation of desorption Gibbs free energy of 

[EMIm][TFSI] and [EMIm][Ac] at different distances at 298K.

1Å 84.46933 97.24232 94.00892 58.80531

2Å 152.35171 184.5301 180.94841 98.95496

3Å 190.14856 231.55509 261.04222 127.5701

4Å 252.93874 265.50915 331.88557 168.49334

5Å 312.73506 296.07089 375.15228 195.77505

6Å 353.14242 297.81555 400.53878 199.92707

7Å 395.25067 321.28558 429.21069 217.93422

8Å 411.92056 345.64443 435.88351 216.76041

9Å 431.54162 354.32019 447.24028 224.29187

[EMIm]+(N) [TFSI]-(N) [EMIm]+(P) [Ac]-(P)
Ion

ΔG (kJ/mol)
Distance
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Table S3 Density functional calculation of desorption Gibbs free energy of 

[EMIm][TFSI] and [EMIm][Ac] at different distances at 333K.

1Å 87.46599 102.81649 83.09752 59.05198

2Å 154.99969 191.50796 174.8109 98.96583

3Å 192.47766 236.99086 259.46906 126.95313

4Å 257.11459 269.73097 306.77774 169.78086

5Å 317.54371 300.1864 364.03735 198.29521

6Å 357.5742 298.72144 399.58899 200.96958

7Å 401.01236 322.82067 414.33982 220.32009

8Å 416.29679 348.69437 441.11611 217.81618

9Å 442.38435 357.08148 442.22324 225.51562

[EMIm]+(N) [TFSI]-(N) [EMIm]+(P) [Ac]-(P)
Ion

ΔG (kJ/mol)
Distance
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The Caption of Supporting Information Video

In this video, a wireless fire monitoring system was constructed by integrating 

paper-based thermoelectric module with the single chip microcomputer. The entire 

fire warning process consists of three stages, namely the beginning, burning and 

extinguishing moments. The change of voltage during each process was recorded by 

Electrochemical Workstation and depicted in the illustration in the upper right corner 

of the video. Once the voltage signal exceeds the threshold voltage that is set for the 

alarming circuit, the fire alarming system alarms is triggered via lightening the red 

LED and activating loudspeaker. 


