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Supplementary Notes

Note S1. Structure and adsorption isotherm of ZIF-8
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Figure S1. Schematic of MOF showing the details of pore aperture and cavity aperture in a)
tetrahedral coordination structure and b) unit cell. ¢) N, adsorption-desorption isotherms for the

synthesized ZIF-8 at 77 k. d) CO, and CH, adsorption isotherms for ZIF-8 samples at 298 K.

The ZIF-8 consists of Zn** atoms linked to imidazolate anions via nitrogen and assumes

tetrahedral coordination. The tetrahedral coordination structure forms nets in the ZIF-8. The
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largest cavity (blue pore in Figure S1a) in the nets of the ZIF structure is 11.6 A, and the cavity is
connected through small apertures (3.4 A, formed by the encompassment of six-membered ring
window), as shown in Figure S1b. Figure S1c shows the N, adsorption-desorption isotherm for
the porous ZIF-8. It is a type | isotherm, and the BET surface area (Sger) of the synthesized ZIF-8
is calculated to be 1251 m?/g by applying the Brunauer-Emmett-Teller equation. Its total pore
volume of pores is 0.608 cm*/g. Figure S1d shows the CO, and CH, adsorption isotherms at a
broad range of high pressures at 298 K. The CO; uptake of ZIF-8 is 4.41 mmol/g, which is 4
times higher than the CH, uptake.

Note S2. Analysis of Near-field Intensity Enhancements

As shown in Figure S2a and S2b, the metamaterial absorber consists of metasurface layer,
dielectric spacer, and ground plane. When light enters this type of absorber, high absorption or
even perfect absorption occurs. The propagation and multiple reflection of incident light in the
absorber is shown in Figure S2c. The absorption is calculated as A = 1- R —T, where R and T
represent reflection and transmission, respectively. T is nearly zero across the entire frequency
range due to the metallic ground plane which is thicker than the penetration depth of light in the
IR range, and then the calculation function becomes A = 1 — R. Therefore, the absorption
characteristics of absorbers are studied by reflection spectroscopy.

The near-field distribution of metamaterial absorbers and metasurface arrays is simulated in
FDTD Solutions while setting their pattern dimensions to the same. The results show that the
metamaterial absorber provides a 2500-fold maximum local near-field intensity enhancement,
which is about 10 times higher than that provided by metasurface arrays, as shown in Figure S2d
— S2i. The enhancement is affected by the contribution of patterned antenna to metamaterial
absorbers / metasurface arrays. The patterned antenna in the metamaterial layer is a type of
electric ring resonator (ERR).™ For metasurface arrays, the incident light is irradiated on the
ERR, and then reflected and transmitted. However, for metamaterial absorber, the incident light is

reflected multiple times between the ERR and the ground plane: at the air-spacer interface with
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ERR, the incident light is partially reflected back to air and partially transmitted into the spacer.
The latter continues to propagate until it reaches the ground plane. After the reflection at the
ground plane, partial reflection and transmission occur again at the air-spacer interface with ERR.
This multiple reflection in the absorber increases the number of interactions between light and
ERR and improves their coupling strength, allowing ERR to concentrate more energy. Therefore,

the metamaterial absorber provides a higher near field than metasurface arrays.
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Figure S2. a) Top and b) Side view of the unit cell of the absorber. ¢) Schematic of incident light propagating
in the absorber. d,e) Near-field distribution of the multi-resonant metamaterial absorber. The maximum local
near-field intensity enhancements are 2500 times. Simulated spectra of f) the metamaterial absorber and i) the

patterned antenna array: Reflection (blue line), transmission (green line), and absorption (red line). g,h)
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Near-field distribution of the multi-resonant metasurface. The maximum local near-field intensity

enhancements are 230 times.

Note S3. Near-Field Penetration Depth of the SEIRA Platform

Figure S3 investigated the near-field penetration depth of the SEIRA platform by probing
the spatial field intensity in the vicinity of the nanoantennas. The red and black curves described
the intensity changes of the red and black region (see the inset of Figure S3), which correspond to
the two resonances for CO, and CH,, respectively. Clearly, both the field strengths dropped first,
then rose, and decayed rapidly after passing the nanoantenna thickness. The SEIRA platform can
access up to a 250 nm depth with 10% of the near-field peak intensity, which is orders of
magnitude deeper than the penetration depth achieved by surface-enhanced Raman spectroscopy
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Figure S3. Simulated near-field intensity for the SEIRA platform as a function of the distance to the surface of
the corresponding areas of nanoantennas. The near-field intensity is normalized to the field strength on the

upper surface of the antenna. The red and black curves correspond to the intensity changes at the red and black

planes in the inset, respectively.
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Figure S4 investigates the relationship between the penetration depth and the absorber
geometry. The analysis is divided into four groups: I) the absorber with initial geometry (marked
as Group A), Il) changing length dimension L (marked as Group B), Ill) changing pattern
(marked as Group C), and 1V) changing the thickness of the dielectric layer (marked as Group D).
The maximum electric field strength and penetration depth obtained from Figure S4 is
summarized in Table S1. The following conclusions can be drawn from Table S1.:

I) The electric field strength is related to the absorber geometry. The order of electric field
strength is: Group C > Group A > Group B > Group D.

I1) The penetration depth is independent of the absorber geometry. Although the electric field
strength is affected by the absorber geometry, the penetration depths of the four groups are the
same and all are 240 nm. This is because the attenuation of the electric field is determined by the
dielectric loss of the medium. Therefore, absorbers with different geometries in the same medium
have the same penetration depth.

I11) The field strength at the maximum penetration depth is related to the absorber geometry.
The order of field strength at 240 nm (maximum depth) is: Group C > Group A > Group B >
Group D, which is consistent with the order in (I). The results reveal that although the geometry
is independent of the absorber geometry, the change of geometry affects the field strength and the

performance of the absorber.

Table S1. Summary of electric field strength and penetration depth

Maximum electric field Electric field strength at
Penetration depth* (nm)
strength (E%/Eq°) 240 nm
Group A 2237 240 89.136
Group B 1936 240 70.744
Group C 3881 240 157.367
Group D 1584 240 53.725

* Penetration depth is defined as the depth at which the intensity attenuation is 90%.
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Figure S4. The relationship between the penetration depth and the absorber geometry. Electric field strength of
the absorber with a) initial geometry and b,c,d) different geometries. I: Diagram of the metamaterial absorber;

Il: Top view of electric field distribution. e) Field intensity and f) normalized field intensity of absorbers in

a,b,c,d) showing the penetration depth. The inset shows the location of the observation point.
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Note S4. General Resonance Model for MOF-SEIRA Platform

The establishment of the general resonance model for MOF-SEIRA platform is based on a
temporal coupled mode theory formalism. Since there are three evolutionary processes for the
sensing application of MOF-SEIRA platform, the model is built in three steps, namely bare
metamaterial absorber, the MOF-SEIRA platform, and the sensing of target gases. The detailed
modeling process is discussed as follows:

S4.1. Modeling Bare Metamaterial Absorber

For the metamaterial absorber, the theoretical model consists of a dual-mode (labeled mode
A and mode B) optical absorber coupled with two ports representing the incoming (Si+) and
outgoing (S;.) radiation (see Fig. 2dll of the main text). Since the dual modes of the absorber
(denoted as mode A and mode B) are excited due to the different polarizations of the light source,
they are directly coupled to the light source in the model though coupling constants x; and .

The mode can be expressed by:E!

da;

dt = (Jog—7yy)ag + xS, — jx3a, (S1)
da, . ]

_dt =(Jo,—ry)a, +x,8;, — j-xza (S2)
S1- =Sy, — K13 — K8, (S3)
S 2
A:1—R—T:1—|r|2:1—L (S4)

Sl+

where a; and a, are the mode amplitudes of modes, w1 and w, the center frequencies, y; and y,
the loss rates, k3 the coupling constant between mode A and mode B. Since the transmitted wave

is limited by the metal bottom layer of the absorber, the transmission T = 0. For time-harmonic

field, da/dt= jot . Therefore, equation (S1) can be expressed by

[j(“’_wl)+71Ja1+ Jrza, = K9Sy, (S5)

10
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[j(w—w2)+y2]a2+ jKgay = k,S;, (S6)

Equations (S5) and (S6) can be written in the form of a matrix:

[j(@—-w,)+y jx 1 Ta,] [K,S;, 1
| ( - l) 1 - 3 |\\ IJ:L 1-1 J (S?)
L Iz j(o-wy)+7, | |2, K514
and therefore
- - 71
{aﬂ:“(w_-“’l)Jﬂ’l . JK3 1 .|—’(131+} (S8)
a; L 1K 3 (0 -wy)+7, | K914

When we set Y; = j(o-o;)+y; - ix; (i =1, 2) and solve the set of equations, (S3), (S4) and
(S8), the reflection coefficients r can be written as

2 2 . 2
Ki Yo+ K5 Yo+ JKal(Kk, — K
r—1- 11 2 2 3(1 2) (Sg)
YiYo + Jxg (Y +Y5)

and therefore the absorption A; can be expressed by:
2
i

‘ (S10)

2 2 .
Ky Y+ K, Y+ jrg (K —Ky)
A =1-10-

YiYo + Jxg(Yy+Yy)

An absorption spectrum containing two Lorentzian line shapes can be obtained by plotting
equation (S10) in MATLAB software. The resonance parameters determining the line-width and
amplitude are extracted by fitting equation (S10) to simulated spectrum (Fig. 2dI1l of the main
text). The obtained values are listed in Table S2. Besides, the independence between mode A and
mode B is investigated by varying the coupling constant x3 from 0.2z to 200n. The calculated
results indicate that the effect of x3 on absorption spectrum is negligible when the resonant
frequencies of the two modes is significantly different, as plotted in Figure S5, theoretically

demonstrating the independence between the two modes of the absorber.
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Table S2. The extracted values of resonance parameters and comparison of coupling constant.

. A1 A2 pal 72 K1 K2 K3
COMPASONm)  um) (109 (<10%)  (A0%) (<109 (x109)
Group A 4.05 7.16 3.31x2x  1.95x2m  0.48x2m  0.48%x2n 2
Group B 4.05 7.16 3.31x2n  1.95x2x  0.48x2n  0.48X2n 2007
Group C 4.05 7.16 3.31x2x  1.95x2m  0.48x2m  0.48%x2n 0.027
1.0 ——Group A (iz=21x10°) .
— = Group B (k;=2007x10°)
0.8 - - Group C (x,=0.021x10° T
S
=3
(@]
3
<

3 4 5 6 7 8 9
Wavelength (um)

Figure S5. The spectra of metamaterial absorber calculated using the general resonance model with different

coupling constants showing the independence between the two modes of metamaterial absorber

S4.2. Modeling MOF-SEIRA Platform

When MOF thin film covers on the surface of absorber to form MOF-SEIRA platform, the
above model is extended via the temporal coupled mode theory to include the effects of the MOF
thin film. It is achieved by coupling (coefficient ) a purely dissipative mode representative of
the MOF absorption to the absorber model (Fig. 2ell of the main text). According to the
measured infrared absorption of MOF, there are five peaks representative of five vibrational
modes of MOF in the spectral band of interest, labeled p;, ..., ps. According above analysis, mode
A and mode B are independent and the coupling constant is ignored. The coupled mode equations

for this configuration can be written as:

12
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da
d—tl:(ja)l—}/l)al+1(181+ (S11)
da, ] .
T:(sz_ﬂ/z)asz’(zSu_l'ﬂBB (S12)
dg _
K:(J(’JB_'YB)B_J'"BaZ (S13)
S1- =Sy, — K13 — K8, (S14)
S 2
A=1-R-T=1-|r] =1- |2 (S15)
Sl+
NN o
| @bz | | 7oz | P2 | | #b2 |
where the matrices o g :Iwb3 I Ta =iyb3 } B =Ib3 } and pg :iﬂm} represent the
| @ba | | b4 | | Ba | | “ba |
L“’st Ust Lbsj L'ubSJ

center frequencies, loss rates, mode amplitudes, and coupling coefficient of MOF with five
vibrational modes, respectively. For time-harmonic field, dg /dt = jot . Therefore, the mode
amplitudes can be solved by substituting it into equation (S13).

jnga,

B=-- (S16)
j(o-og)+71g
Substituting equation (S16) into equation (S10), we can obtain:
K281+
a, = (S17)
’ i(o-wy)+7, +”B/|:j(w_m8)+78:|
And then solving the set of equations, (S11)-(S15), in conjunction with equation (S17),
K 2 K 2 |2
A, =1-[1- L - 2 (518)

(0 —-w))+7, j(w—w2)+y2+F1+F2+F3+F4+F5‘

2
Hypi

where T; = (i=1, 2, 3, 4,5) represent the effect of MOF on platform. The

j(@—@ui)+ 7y

13
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resonance parameters determining the line-width and amplitude are extracted by fitting equation
(S18) to simulated spectrum (Fig. 2elll of the main text). The obtained values are listed in Table
S3. Figure S6 shows the spectrum of MOF-SEIRA calculated using the established model. The
vibrational modes of MOF thin film can be observed clearly in the spectrum. Besides, when the
vibrational mode of the MOF film is close to the resonance of the platform, the signal peak in the

spectrum is more distinct.

Table S3. The extracted values of resonance parameters of the extended resonance model.

M A2 " Y2 K1 K2 K3 b1
(um) (um) (x10%)  (x10%)  (x10% (x10%) (x10%  (um)
4.41 7.60 3.58x%2 1.55%2 0.47x2n 0.47x2 2 6.33
Ab2 /b3 Aba Abs Mb1 b2 b3 b4
(Um) (m) (Um) (Um) (x10M) (x10") (x10%)  (x10%)
6.92 7.61 8.46 8.71 9.99x27 8.86x2x 7.86%27 4.16x2n

Hbs Vb1 Vb2 Vb3 Vb4 Vb5

(x10™)  (x10%)  (x10")  (x10M)  (x10%)  (x10")

9.86x2m  3.86x2m  6.00x2m  7.26X2n 0.9x2n 4.9x2

Model Curve

Absorption
© o
(o] (o]

o
~

o
(N}

o
o

4 5 6 7 8 9
Wavelength (um)
Figure S6. The spectrum of MOF-SEIRA platform calculated using the extended resonance model. The

simplified absorption spectra of MOF are shown at the bottom of the panel, and the value is enlarged in scale.

14



WILEY-VCH

S4.3. Modeling the Sensing Behavior of MOF-SEIRA Platform

When CO; and CH, are trapped in MOF-SEIRA platform (Fig. 2fl), the model is extended
again by introducing couplings (vc, ve) between the MOF resonance and the dissipative mode
representing gas absorption. According to the interaction between gases vibration and platform
resonances, CO, and CH, are coupled to mode A and mode B of the MOF-SEIRA platform,
respectively (Fig. 2fll of the main text). The coupled mode equations for this configuration can

be written as:

d
%: (Joy —71)ay + xS, (S19)
da, . .
T:(sz_Vz)az““’(zSu_J'ﬂBb (S20)
dg . .

K:(J‘”B‘YB)B_J'"B% (S21)
dc ) .

;:(JQC_7C)C_JUca1 (822)
de ) )

E:(Jwe_ye)c_ IEPLY (823)
Si- =Sy, — &8 — K,a, (S24)

2
Sl

2
A=1-R-T=1-|r =1- 5

(S25)

1+

where ¢ and e are the mode amplitudes of CO, and CHg, w. and w, the center frequencies, y. and
7e the loss rates, o and ve the coupling coefficient. Solving the set of equations, (S19) - (S26), the

absorption Az can be written as:

K'2 K 2 |2
Ay =1-[1- L - 2 (526)
j(o-o))+y,+Y, J(0-0,)+y, + T +T,+ T+, +T+Y,
2 2
_ Hpi - Uc,e
where T'; = - (i=1,2,3,4,5and v, = . The Y. represent
J(@ = op;)+ 7p (@0 -oge)+7ce
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the effect of CO, and CH, on platform. The values of the model are listed in Table S4. Figure S7

shows the calculated spectrum of MOF-SEIRA of platform with the adsorption of CO, and CH,.

We can clearly observe the signal peaks corresponding to gases absorption in the ultimately

achieved spectrum after data processing. Notably, there is a slight spectral overlap between the

peaks of MOF and CHy,. Since the peak derived from MOF is constant after the fabrication of

platform, the spectral change is determined by the vibration of CH,, which is the basis for the

CHjy sensing.

Table S4. The extracted values of resonance parameters of the extended resonance model.

/lc /le Ye Ve Uc Ve
Parameter — (um um) (<109 (x10)  (x<0%)  (x10Y)
Value 4.25 7.66 3.21x27 2.91x2x 8.21x2n 3.33x2n
10 _ —— Fit (Device+MOF+Gas) |
08} §
S |
o
5 0.6+ .
8 L
<04}l §
0.2
0.0F co, ACH" ]
4 5 6 7 8 9

Wavelength (um)

Figure S7. The spectrum of MOF-SEIRA of platform with the adsorption of CO, and CH, calculated using the

extended resonance model. The simplified absorption spectra of CO, and CH,4 are shown at the bottom of the

panel, and the value is enlarged in scale.
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Note S5. Infrared Absorption Characterization of MOF Growth
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Figure S8. Infrared absorption characterization of MOF synthesis. Measured infrared absorption spectrum of a)
zinc nitrate hexahydrate, b) dimethylimidazole, and ¢) ZIF-8.

Figure S8 shows Fourier transform infrared spectroscopy results of zinc nitrate hexahydrate,
dimethylimidazole, and ZIF-8. The peaks at 1591 is ascribed to the bending of N-H. the

imidazole ring stretch absorbs with several bands between 1350-1500 cm™." The peaks from

17
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2500 to 3000 cm™ is ascribed to the stretching vibration of N-H, C-H, and O-H. Clearly, the
spectrum of ZIF-8 has many peaks similar to those of dimethylimidazole between 700-1500 cm™,
which is due to the ligands of 2-methylimidazole in ZIF-8.F! Importantly, the strong and broad
absorption peak at 1843 cm™ belonging to the N-H bond of dimethylimidazole completely

disappeared, meaning that the imidazole links in ZIF-8 had been fully deprotonated.

Note S6. X-ray Diffraction (XRD) Analysis of ZIF-8 in MOF-SEIRA Platform

Figure S9 depicts the XRD pattern of ZIF-8 with 25 cycles of growth. There is a sharp peak
at 20 = 7.3°, indicating a high degree of crystallinity for the synthesized ZIF-8. Diffraction peaks
are mainly located at; 7.3° (011), 10.3° (200), 12.6° (112), 14.6° (022), 16.2° (013), 17.9° (222),
24.4° (233), and 26.6° (134). Clearly, the XRD profile was in excellent agreement with the test

results in reference.®

(110)

Intensity (a.u.)

5 10 15 20 25 30
260 (degree)

Figure S9. XRD spectra of ZIF-8 showing the phase of ZIF-8.
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Note S7. Reversibility Analysis of MOF-SEIRA platform

The reversibility of MOF-SEIRA platform is investigated by cyclically changing the
concentration of CO, between 0 ppm and 2000 ppm. The experimental results are shown in
Figure S10. The spectral response is still reversible when the CO, concentration changes
cyclically between 0 ppm and 2000 ppm. However, its response time (the time to reach a steady

state) is relatively long when compared to that in a vacuum environment (Figure 5b and 5c of

main text).
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Figure S10. The reversible behavior of the sensor when the CO, concentration changes cyclically between 0

ppm and 2000 ppm. N, is used as the carrier gas.

19



WILEY-VCH

Note S8. Sensitivity analysis for CO, and CH, sensing

The sensitivity of the sensor is determined by both the oscillator strength of vibrations and

the absorption intensity of the gas in MOF.

I) Oscillator strength of vibrations: The oscillator strength is proportional to the integral of

the molar absorptivity (denoted as Enn) over the frequency range covered by the band:!"

Enm = [ £ (v)dv (R1)

nm

where v represents the frequency, and the molar absorptivity ¢ is that in Beer's law:

A= gcl (R2)
where ¢ and | represent the molar concentration and the pathlength, respectively. Substituting
Equation (R2) into Equation (R1) gives:

E. .= [—dv (R3)

The Eqn is related to the oscillator strength f,m by:

A(v
fom =1.441x10 *%E =1.441x107 " AWy, (R4)

cl

The absorbance A(v) of carbon dioxide and methane obtained from the database of the National
Institute of Standards and Technology, U.S. Department of Commerce.[®! Then, the oscillator

strength of CO, and CHy is calculated as:
famco2 < famcra
I1) Absorption intensity of MOF: The absorption intensity of ZIF-8 is another factor that
affects the sensitivity of the sensor. The absorption intensity of CO, and CH, in ZIF-8 is shown in

Figure S11. The absorption intensity of ZIF-8 to CO; is stronger than that to CH,.
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It can be concluded:
*  Device sensitivity: CO, > CH,4
e Oscillator strength: CO, < CH4
e Absorption intensity: CO, > CH,4
In summary, although the oscillator strength of CH4 is stronger than that of CO2, the device
sensitivity for CO, sensing is still higher than that for CH,, indicating that the sensitivity is more

affected by absorption intensity.

5
—o— ZIF-8 (CO,)

4F |—=—2ZzIF-8 (CH,) 1
o
3 3¢t 1
£
3
o2t i
X
o]
=1
N .-"../.. 1

O - .

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

Figure S11. CO, and CH, adsorption isotherms for ZIF-8 samples at 298 K.
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Note S9. Scalability Analysis of MOF-SEIRA Platform

The proposed strategy of integrating MOF and SEIRA for multi-gas sensing is flexible and is
not limited to the detection of CO, and CHjy. It can be extended to more gases detections as need
by adding the resonance of SEIRA and developing appropriate MOFs. In this section, we
introduce a possible way to increase the type of gas sensed by the platform. First, it is necessary
to design a SEIRA platform with multiple resonance when aiming to detect more gases. Our
method for achieving multiple resonances is to add independent resonant units to the metasurface
pattern, as shown in Figure S12. By adding two sets of nanodipoles to the cross-shaped
metasurface, the SEIRA platform can provide triple (Figure S12b) and quadruple (Figure S12c)
resonances for multi-gas sensing. In addition, these resonances (labeled as A, B, C, D in Figure
S12) are independent of each other (Figure S12all, S12bll, and S12cll), thereby weakening the
mutual interference in the sensing process. Importantly, the resonance can be individually
adjusted to suit different gas vibrations, as discussed in section 2.2. Apart from the design of
multi-resonant SEIRA platform, it is also essential to develop appropriate MOFs. As a porous
materials with hybrid network structures, the mesoporous properties of MOF can be adjusted by
the judicious and rational choice of building block molecules. Furthermore, the applicable
properties of MOFs can be further improved by controllable encapsulation of nanoentities of
functional and morphological features and various MOF topologies, morphologies and
composites.”) It means that the aperture sizes and functional sites of MOFs can be accurately

designed and constructed using isoreticular chemistry.*® For instance, ZIF-L constructed by
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alternative assembly of Zn?* ions and 2-methylimidazole linkers shows a selective adsorption of
carbon monoxide, toluene, 1,3-butadiene, and tetrachloroethylene.*Y) Based on the strategy
proposed in this paper, it is expected that the integration of ZIF-L and multi-resonant SEIRA
platform shown in Figure S12c can possibly enable the multiplexed sensing of carbon monoxide,
toluene, 1,3-butadiene, and tetrachloroethylene. Collectively, it can be concluded that such

MOF-SEIRA platform has excellent scalability.

a Jnit 1 b Unit 1 c Unit 1+2

II N B v—' LA
c 3| “He3QT T 2
Uy | I_Aj Uy | L_tJ Llj Ju
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| | |
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Y4 5 6 7 8 9 104 5 6 7 8 9 10 4 5 6 7 8 9 10
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Figure S12. Scalability characteristics of SEIRA platform for multi-gas sensing. a) Dual-band SEIRA platform.
b) Tri-band SEIRA platform. c) Quad-band SEIRA platform. I: Schematic of the metamaterial absorber. Inset
showing the addition of independent nanodipoles to cross-shaped unit for more resonance. Il: Near-field

distribution at resonance. Ill: Simulated absorption spectra.
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Note S10. Dielectric Properties of MOF for Simulation

In order to simulate the spectral characteristics of MOF-SEIRA platform, the gas-selective
material ZIF-8 is modeled based on the experimentally obtained infrared absorption spectrum.
According to the measured infrared absorption of ZIF-8, there are five peaks in the spectral band
of interest. Therefore, a Lorentz model with five oscillators corresponding to the experimental
data is built using following equation:!*?

> glorentzwj?
c(w)=¢ey+ (S27)

2 . 2
jmi@j —1-26p0 -0

Here, w; is the Lorentz resonance frequency and & is the background relative permittivity of
MOF, 1.8. The values of the Lorentz permittivity, e_orentz, and the Lorentz linewidth, do, have been
fixed at 0.003 and 8.0x10" rad/s, respectively. According to the infrared spectrum of ZIF-8, the
spectral positions 1 = 6 x 10147r/a) , and the five oscillators are fixed at 6.31 ym, 6.9 um, 7.6 pm,

8.46 um, and 8.71 um. Therefore, the dielectric characteristics can be calculated by the Lorentz

model, as shown in Figure S13.
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Figure S13. Real (blue curve) and imaginary (green curve) parts of the modeled permittivity function for

ZIF-8.
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Note S11. Fabrication Process of MOF-SEIRA Platform
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Figure S14. Schematic diagram of processes to fabricate the MOF-SEIRA platform. a) a high-resistivity (20
000) 6" silicon wafer was cleaned and dried for the subsequent use; b) Ti (10 nm) and Au (100 nm) were
sequentially deposited on the silicon surface using a magnetron sputtering system; ¢) 200 nm thick MgF, was
deposited on the Au layer by an e-beam evaporator system; d) Ti (10 nm) and Au (100 nm) were sequentially
deposited on the MgF, dielectric layer and then etched by IBE. Photolithography technique was used to pattern
the nanoantenna array via a mid ultra violet stepper; e) 400 nm thick MOF was grown on device surface; f) the
ultimately achieved devices were stored in a drying oven before use. The optical picture of g) the fabricated

absorber and h) the MOF-SEIRA platform.
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Note S12. Growth of ZIF-8 on the Metamaterial Absorber
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Figure S15. The illustration for the growth of ZIF-8 on the absorber.
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Note S13. Measurement Setup
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Figure S16. a) Schematic diagram of experimental setup. b) Optical photo and c) schematic illustration showing the

sensing module.
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Note S14. Methods of minimizing the interference from environmental CO, and water

Three methods were adopted in this work to minimize/eliminate the interference from
environmental CO,. 1) The whole experimental setup, including the FT-IR spectrometer, the
infrared microscope, the fabricated device and gas cell, is wrapped in a flexible, large
polyethylene bag (Figure S17). Before the measurement, nitrogen gas is poured into the bag for
half an hour to reduce the CO, and water in the space near the experimental setup. In addition,
there are specially designed accessories in the microscope (AIM-900, Shimadzu), through which
nitrogen gas continuously flow into the instrument during the measurement process, thereby
ensuring that the optical path in the instrument is protected by nitrogen gas; Il) The device is
placed in the gas cell to during the measurement, as shown in Figure S17 in the supporting
information. There are two purposes: (1) to isolate it from the environment to reduce the
interference of CO, and water; (2) to control the gas concentration in the sensing experiment. I11)
A background spectrum is run before each measurement of the spectral response of the device.
The background spectrum is measured on a gold mirror and contains interference contributions
from the instrument and the environments (e. g. CO,). Therefore, the interference contributions

can be eliminated by normalizing the device spectrum against the background spectrum.

PURGE GAS D
E GAS DRY AR 0R s
PRESSURE AIR OR N2 O

» Polyethylene bag

o e

Figure S17. Photo showing the details of the experimental setup wrapped in a bag. Inset: Specially designed

accessory of the microscope, through which nitrogen gas continuously flow into the instrument.
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Note S15. Performance Comparison of SEIRA-Based Gas Sensors

Table S5. Comparison of the existing SEIRA-based gas sensors

References Description Target Performance Remarks
. . Bulky;
o Using plasmonic S ) )
Nishijima . Detection limitation: 5 ppm; require centimeter
13 extraordinary SFe only . X .
et al.l*?! o Sensitivity: 0.02% ppm’ long optical
transmission ) .
interaction length;
] Based on a S i
Nasir et ) Detection limitation: 0.1%; Visually
» gold/palladium core/shell ~ H, only .
al.l4 _ Detection range: 0-40 %; detectable
nanorod metamaterial
Integrating plasmonic
Wang et  nanopatch gold antennas 1800x enhancement factors; .
15 ) ] CO, only S Ultrasensitive
al. with metal-organic Detection limitation: 52 ppm;
framework
. . . Non-linear
Integrating polymer Response time: 2 min;
Lee et o ] S output;
[16] polyethylenimine with CO,only  Detection limitation: 20 ppm;
al. i . Easy to reach
photonic crystal slab Detection range: 0-1000 ppm; .
saturation;
Response time: 35 s (CO,), ]
Simultaneous;
60s (CH,); .
. ) CO, e On-Chip;
. Integrating ZIF-8 with Detection limitation: 80 ppm )
This work . & Multi-gases
metamaterial absorber (COy), 200 ppm (CH,); )
CH, sensing;

Detection range:0-2.5x10*
ppm

high accuracy;
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