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[image: ]Supplementary Fig. 1. (a) XRD pattern of SnO2 nanoparticles (ICDD PDF No. 98-000-0151). (b) Cross-sectional SEM image of SnO2/YSZ interface. (c) Surface SEM image of SnO2. The SnO2 layer is approximately 30 μm thick and 3 mm in diameter.
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Supplementary Fig. 2. Response transients of the unbiased SnO2 sensor to 100 ppm H2 (shaded area). P+ and P− show essentially identical responses in the absence of bias.
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Supplementary Fig. 3. P+ and P− baselines of the SnO2 BGM sensor under different current biases.
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Supplementary Fig. 4. (a) Response transients and (b) responses of P+ and P− signals from the SnO2 BGM sensor to 100 ppm H2 (shaded area) under DC voltage biases.
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Supplementary Fig. 5. P+ and P− sensitivities of the SnO2 BGM sensor as functions of DC current bias.
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Supplementary Fig. 6. Response transients of the SnO2 BGM sensor to 10 and 20 ppb H2 (shaded area) at 0.4 μA.
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Supplementary Fig. 7. Response transients of (a) the RCIE signal of the SnO2 BGM sensor and (b) the C signal from the SnO2/Al2O3 sensor. Baseline and response values for (c) the RCIE signal of the SnO2 BGM sensor and (d) the C signal from the SnO2/Al2O3 sensor. The two sensors have similar dimensions and film thicknesses to support a direct comparison. H2 concentration: 100 ppm (shaded area).
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Supplementary Fig. 8. (a) P+ response, (b) P− response and (c) RCIE response of the SnO2 BGM sensor to eight gases (100 ppm CO, 20 ppm NO2, 50 ppm C3H6O, 100 ppm C3H8, 200 ppm CH4, 0.2 ppm CH2O, 50 ppm C2H6O, 50 ppm NH3) under different DC current biases.
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Supplementary Fig. 9. H2 selectivity of the P+ and P− signals from the SnO2 BGM sensor at 0.1 and 0.4 μA, with matched RCIE responses of approximately 0.77. Concentration settings: 10 ppm H2, 120 ppm CO, and 400 ppm C3H8 at 0.1 μA; 40 ppm H2, 500 ppm CO, and 1000 ppm C3H8 at 0.4 μA. 
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Supplementary Fig. 10. Confusion matrix using 2D (RCIE,0.8, P0) response for discrimination of nine target gases. Values in the matrix denote classification accuracy (%).
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Supplementary Fig. 11. Confusion matrix for the SnO2 BGM sensor at 0.1 μA (a), 0.3 μA (b), 0.4 μA (c), 0.6 μA (d), 0.8 μA (e), and 1 μA (f). Values in the matrix denote classification accuracy (%). The corresponding overall LOOCV accuracies are 80.6%, 89.2%, 95.7%, 90.3%, 88.2%, and 94.6%, respectively. (g) Number of currents giving 100% class-wise recognition.
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Supplementary Fig. 12. Combining the RCIE, P+, P− signals at 0.2 μA with the P+ signal at 1.0 μA yields a four-dimensional condition-multiplexed response and 100% overall LOOCV accuracy. Because these features are acquired under different operating conditions, this condition-multiplexed demonstration is distinct from the simultaneous steady-state four-component architecture described later.
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Supplementary Fig. 13. (a) XRD pattern of In2O3 nanoparticles (ICDD PDF No. 04-014-4391). (b) SEM image of In2O3 nanoparticles. (c) P+, P− and RCIE responses of the In2O3 BGM sensor to 500 ppm H2 under different DC current biases. 
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Supplementary Fig. 14. (a) XRD pattern of ZnO nanofibres (ICDD PDF No. 98-000-0483). (b) SEM image of ZnO nanofibres. (c) P+, P− and RCIE responses of the ZnO BGM sensor to 500 ppm H2 under different DC current biases. 
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Supplementary Fig. 15. (a) XRD pattern of WO3 nanoparticles (ICDD PDF No. 01-083-0950). (b) SEM image of WO3 nanoparticles. (c) P+, P− and RCIE responses of the WO3 BGM sensor to 500 ppm H2 under different DC current biases. 
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Supplementary Fig. 16. (a) XRD pattern of Fe/NiO nanofibres (ICDD PDF No. 98-000-0133). (b) SEM image of Fe/NiO nanofibres. The Fe content is 0.72 at.% according to EDS. (c) P+, P− and RCIE responses of the Fe/NiO BGM sensor to 100 ppm H2 under different DC current biases.
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Supplementary Fig. 17. (a) XRD pattern of CuO nanoparticles (ICDD PDF No. 98-000-0429). (b) SEM image of CuO nanoparticles. (c) P+, P− and RCIE responses of the CuO BGM sensor to 500 ppm H2 under different DC current biases.



[image: ]Supplementary Fig. 18. (a) XRD pattern of LSCF nanoparticles. (b) SEM image of LSCF nanoparticles. (c) P+, P− and RCIE responses of the LSCF BGM sensor to 500 ppm H2 under different DC current biases.



[image: ]Supplementary Fig. 19. Sensing performance of the Fe/NiO BGM sensor. (a) P′+ and P′− responses as a function of logarithmic H2 concentration at 30 μA, compared with unbiased P′0 response. Linear fits yield sensitivities of 80.6, −232.2 and −72.6 mV dec−1, respectively. (b, c) Confusion matrices obtained using the 2D (R′CIE,10, P′0) response vector (b) and the 3D (R′CIE,20, P′+, P′−) response vector (c) for discrimination of nine target gases. The overall LOOCV accuracy increases from 62.4% (2D) to 80.6% (3D). Values in the matrix denote classification accuracy (%).



[image: ]Supplementary Fig. 20. (a) Comparison of the numbers of bias settings yielding 100% class-wise recognition. (b) Confusion matrix using the four-dimensional (RCIE, R′CIE, P+ − P′+, P− − P′ −) response of the dual-SE BGM sensor at 0.4/30 μA, yielding 100% class-wise recognition of CH4.
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Supplementary Fig. 21. P response to 10 ppm H2 for the unbiased reference SnO2 C–P sensor and the dual-SE BGM sensor at 0.4/30 μA. The baselines were offset to approximately 0 mV for comparison.



[image: ]Supplementary Fig. 22. (a) P-response transients and (b) sensitivities of SnO2 (orange), Fe/NiO (blue), and dual-SE (green) BGM sensors to 10 ppm H2 (shaded area) in the absence of bias. The baseline in (a) was shifted to approximately 0 mV to facilitate comparison. Linear fits in (b) yield sensitivities of −12.6, −83.7 and −72.6 mV dec−1 for P0 − P′0, P0, and P′0, respectively. (c) Confusion matrix using (RCIE,0.4, R′CIE,20, P0 − P′0) response of the dual-SE BGM sensor with an overall LOOCV accuracy of 73.1%. Values in the matrix denote classification accuracy (%).



[image: ]Supplementary Fig. 23. (a) P+ − P′+ and P− − P′− responses as a function of logarithmic CO concentration at 0.6/30 μA, compared with unbiased P0 response. Linear fits yield sensitivities of −178.9, 144.4 and −47.6 mV dec−1, respectively. (b) P+ − P′+ and P− − P′− responses as a function of logarithmic CH2O concentration at 1/30 μA, compared with unbiased P0 response. The corresponding sensitivities are −219.5, 362.8 and −26.5 mV dec−1, respectively. (c, d) Confusion matrices obtained using the four-dimensional (RCIE, R′CIE, P+ − P′+, P− − P′−) response of the dual-SE BGM sensor at 0.6/30 μA with 100% accuracy for CO (c) and at 1/30 μA with 100% accuracy for CH2O (d).



[image: ]Supplementary Fig. 24. (a, b) I–V curves of SnO2/Al2O3 (a) and SnO2/YSZ (b) sensors. The coefficients of determination (R2) for the linear fits in (b) are 0.9928 (air), 0.9990 (5 ppm H2), 0.9996 (10 ppm H2), 0.9998 (20 ppm H2), 0.9999 (50 ppm H2), and 0.99999 (100 ppm H2). Dashed lines are guides to the eye. (c) I–V curves of bare YSZ measured in air and in 100 ppm H2.
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Supplementary Fig. 25. RΩ,cell of SnO2/YSZ sensor in air and in 100 ppm H2. The dashed line indicates the mean value.



[image: ]Supplementary Fig. 26. (a) Nyquist plots of the SnO2/YSZ heterostructure measured in air and at different H2 concentrations without bias. For simplicity, only the low-frequency semicircles are shown. The inset of (a) presents the equivalent circuit used for fitting. (b) Relationship between the P response and ΔRp for different concentrations of H2 in the absence of bias.



[image: ]Supplementary Fig. 27. (a) Nyquist plots and (b) relationship between the P response and ΔRp for SnO2/YSZ measured in air and in CO/air in the absence of bias.



[image: ]Supplementary Fig. 28. (a) Nyquist plots and (b) relationship between the P response and ΔRp for SnO2/YSZ measured in air and in C3H8/air in the absence of bias.



[image: ]Supplementary Fig. 29. Nyquist plots of the SnO2/YSZ heterostructure measured in air (a, b) and in 100 ppm H2 (c, d) under different DC current biases (μA). (a, c) correspond to positive polarization, while (b, d) correspond to negative polarization.



[image: ]Supplementary Fig. 30. (a, b) Rp of the SnO2 BGM sensor in air (a) and 100 ppm H2 (b) under different DC current biases.
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Supplementary Fig. 31. Variation of ΔRp with P response for the SnO2 BGM sensor for different concentrations of CO and C3H8 at 0.1 μA. Symbol size is proportional to gas concentration in the range from 20 to 200 ppm. 
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Supplementary Fig. 32. Ri (orange) and Re (blue) of the SnO2 BGM sensor in air and in 100 ppm H2 under different DC current biases. 
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Supplementary Fig. 33. Gas-induced decrease in Ii at bias currents of 0.1 and 1.5 μA, showing much larger concentration dependence at 1.5 μA. 



[image: ]Supplementary Fig. 34. In situ AP-XPS spectra of the SnO2/YSZ heterostructure. (a, b) O 1s spectra acquired in 1 mbar O2 (a) and in 1 mbar O2/0.1 mbar H2 (b) atmospheres in the absence of bias. The atomic percentages of lattice oxygen Olatt and adsorbed oxygen Oad are 89.9% and 10.1% in 1 mbar O2, and 91.9% and 8.1% in 1 mbar O2/0.1 mbar H2, respectively. (c, d) Sn 3d spectra acquired in 1 mbar O2 (c) and in 1 mbar O2/0.1 mbar H2 (d) atmospheres in the absence of bias. The atomic percentages of Sn2+ and Sn4+ are 2.9% and 97.1% in 1 mbar O2, and 4.5% and 95.5% in 1 mbar O2/0.1 mbar H2, respectively.



Supplementary Table 1. Performance comparison of reported multivariate gas sensors under steady-state operation.

	Sensing materials
	Transducers
	Dimensionality*
	Sensitivity enhancement**
	Ref.

	SnO2
	chemiresistive, optical
	2D
	1
	33

	Silicon
	capacitive, optical
	2D
	1
	34

	Sm-TiO2
	chemiresistive, optical
	2D
	1
	40

	Au-SnO2
	chemiresistive, optical
	2D
	1
	47

	PEDOT:TO
	chemiresistive, optical
	2D
	1
	43

	RGO + dyes
	chemiresistive, optical
	2D
	1
	35

	Pyrrole
	chemiresistive, mass
	2D
	1
	46

	PPy
	chemiresistive, mass
	2D
	1
	44

	[BMMIM][PF6]
	mass, mechanical
	2D
	1
	41

	PEDOT:PSS
	chemiresistive, mass
	2D
	1
	32

	PEDOT:PSS
	chemiresistive, mass
	2D
	1
	31

	CNTs
	chemiresistive, capacitive
	2D
	1
	24

	SnO2
	chemiresistive, work function
	2D
	1
	45

	Graphite
	chemiresistive, work function
	2D
	1
	48

	Graphene
	chemiresistive, mass
	2D
	1
	25

	Graphene
	chemiresistive, mass
	2D
	1
	50

	n-Si/TiO2/TiO2:Eu
	surface photovoltage, optical
	2D
	1
	49

	PAH
	optical
	2D
	1
	29

	SnO2
	chemiresistive, thermoelectric
	2D
	1
	28

	Metalloporphyrin
	mass, field-effect transistor
	2D
	1
	39

	Uncoated
	thermoelectric, viscous gas damping
	2D
	1
	30

	Silica
	mass, stress
	2D
	1
	26

	PECH
	chemiresistive, capacitive
	2D
	1
	37

	Pd-WO3
	chemiresistive, thermoelectric
	2D
	1
	27

	SnO2
	potentiometric (external bias)
	2D
	6.1
	18

	In2O3
	chemiresistive, capacitive, work function
	3D
	1
	36

	Bi2O2Se
	chemiresistive, impedance (reactance, phase angle)
	3D
	1
	38

	SnO2
	chemiresistive, work function, optical
	3D
	1
	42

	SnO2, BSCF
	chemiresistive, potentiometric
	2D(SnO2), 3D (dual-SE)
	1.7 (2-EH)
5.1 (toluene)
	9

	SnO2, Fe/NiO
	RCIE, potentiometric
	3D, 4D
	4.5 (H2)
9.1 (ethanol)
13.7 (HCHO)
9.9 (NH3)
	This work


* Following established multivariable-sensor usage, response dimensionality here denotes the number of response variables acquired simultaneously under one operating condition and does not imply statistical orthogonality.
** Sensitivity enhancement was not reported in most previous studies that combined transducers; these entries are shown as 1 for comparison.
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