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Fig. S1. Gas-sensing tests of thin-film sensors.
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Fig. S2. TEM/HRTEM images of C1: (a) Low magnification image, (b, c) Enlarged 

TEM images, and (d) HRTEM image.
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Fig. S3. N2 adsorption-desorption isotherms and pore size distributions of C1N1 and 

C3N1.
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Fig. S4. XPS spectra: (a) Co 2p, (b) Ni 2p, and (c) O 1s of C3N1 and (d) Co 2p, (e) 

Ni 2p, and (f) O 1s of C1N1.
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Fig. S5. Dynamical response-recovery curves of (a) C1, (b) C1N1, and (c) C3N1 

towards NH3 at RT.



 7 / 15

Fig. S6 Fitted NH3 concentration-dependent response of C2N1.
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Fig. S7. (a) Mott-Schottky plots of the C2N1, C1N1, and C1 electrodes in 2 mol L-1 

KOH electrolyte measured at a frequency of 1 kHz. (b) Nyquist plots of C2N1, C1N1, 

and C1 measured in the frequency range of 0.01 Hz to 100 kHz

The carrier densities of C2N1, C1, and C1N1 were measured by the Mott-Schottky 

method. In Fig. S7a, the Mott-Schottky curves of the three samples show a negative 

slope, which means that they are p-type semiconducting materials. Their carrier 

densities can be calculated using the equation [1] 
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where  is the fundamental charge constant (  C),  is the 0e 0 191.6 10e   0

permittivity of vacuum  F cm-1,  is the relative permittivity of Co3O4 
148.85 10 

(12.9) [2], (d(1/c2)/dv)-1 is the slope of the Mott-Schottky plots. In addition, the 

electrochemical impedance spectroscopy (EIS) were measured to investigate the 

charge transfer of the gas sensor materials. In Fig. S8b, the impedance spectra of 

C2N1, C1N1, and C1 exhibit a similar semicircle followed by a slope line and 

possess a similar appropriate equivalent circuit model (see the inset in Fig. 7b). The 

obtained impedance parameters are shown in Table S5, in which RΩ can be attributed 

to the resistance of the electrolyte, separator, and electrode, Rct is the charge transfer 

resistance at the active interface of material, and CPE is constant phase angle element, 

involving double layer capacitance.
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Table S1 Calculated 2p binding energies (in eV) of different spin orbital splitting 

states from the XPS spectra.

Samples Co 3 22p / Co 1 22p / Ni 3 22p / Ni 1 22p /

C1 779.8 (37.12%) 795.70 (19.07%) / /

C1N1 781.16 (41.91%) 796.16 (11.29%) 855.87 (30.88%) 873.88 (15.01%)

C2N1 779.53 (35.00%) 795.53 (14.69%) 853.3 (31.32%) 871.1 (18.33%)

C3N1 780.77 (36.70%) 796.10 (19.04%) 856.01 (29.62%) 873.92 (15.96%)
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Table S2 O 1s peak positions (in eV) and calculated intergral peak areas (%) for the 

XPS spectra. The O(1), O(2), and O(3) refer to the lattice oxygen, defect oxygen, and 

oxygen in the adsorbed H2O, respectively.

Sample Oxygen species Peak Position Peak area

O(1) 530.5 22.8

O(2) 531.2 41.3

C1

O(3) 532.1 36.9

O(1) 529.5 17.5

O(2) 531.2 50.3

C1N1

O(3) 532.8 32.7

O(1) 530.0 10.8

O(2) 531.5 56.8

C2N1

O(3) 534.3 32.4

O(1) 529.5 17.7

O(2) 531.3 49.7

C3N1

O(3) 532.7 32.0
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Table S3 Measured response dependence on NH3 concentration (ppm) at room 

temperature.

Concentration C1 C1N1 C2N1 C3N1

100 1.90 1.89 3.00 1.15

50 1.70 1.66 2.90 1.12

30 1.45 1.69 2.70 1.10

10 1.39 1.69 2.50 1.00

5 1.40 1.64 2.20 1.00

3 1.34 1.47 1.90 /

1 1.17 1.30 1.80 /

0.5 1.19 1.26 1.60 /

0.3 / 1.32 1.40 /

0.1 / 1.10 1.41 /

0.05 / 1.10 1.39 /
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Table S4 Dependence of response time on NH3 concentration at room temperature.

Concentration C1 C1N1 C2N1 C3N1

100 34.4 4.0 3.0 16.0

50 31.2 4.0 4.0 18.0

30 38.4 4.0 4.2 15.0

10 32.0 5.0 5.0 14.6

5 52.0 6.0 6.0 16.7

3 43.0 5.0 8.0 /

1 28.0 7.0 9.0 /

0.5 25.6 5.0 12.0 /

0.3 / 12.0 15.0 /

0.1 / / 16.0 /

0.05 / / 19.0 /                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
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Table S5 Comparison of the sensing performances of our proposed NH3 sensor with 

those reported in the literature

Materials Concentration 
(ppm)

Temperatur
e (ºC)

Response

(Rg/Ra)

Detection 
limit (ppm)

References

Ni-Co-O 
nanocomposites

100 RT 3 0.05 This work

Co3O4 nanonetworks 100 RT 2.46 0.5 [1]

Co3O4 dendritic 200 110 1.63 - [2]

Co3O4 nanowire-like 
networks

100 300 <1.5 10 [3]

CuO nanowires 100 250 1.6 - [4]

Cr/CuO 100 RT 0.9 (ΔR/Ra) - [5]

Cu2O nanorods/rGO 100 RT 1.77 - [6]

SnO2-SnS2 hybirds 100 RT ≈ 1.9 10 [7]

CuO superstructures 100 RT ≈ 0.75 - [8]

RT: room temperature.
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Table S6 Calculated carrier concentrations (Nd, cm-3) and fitted impedance 

parameters RΩ (in Ω), Rct (in Ω), and CPE (in F cm-2) in equivalent circuit models.

Samples RΩ Rct CPE Nd

C1 38.83 249.92 3.1110-5 6.211017

C2N1 11.04 77.98 1.0710-3 1.571018

C1N1 22.56 196.82 8.0910-3 1.161018
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