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Fig. S1 The SEM image of Cu-3D-ZIF-248 with reduced PS template content (RCu-3D-ZIF-
8-248) was magnified by 10000 times.
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Fig. S2 (A) The pore size distribution and(B) N, adsorption-desorption isotherms of as-
prepared samples.
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Fig. S3 The element mapping of Cu-3D-ZIF-325.
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Fig. S4 The efficiencies of hydrogen generation over Cu-3D-ZIF-248 and RCu-3D-ZIF-248
under simulated sunlight irradiation



Table S1 The weight loss of as-prepared samples in TG.

Welé%}/lt)loss Cu-ZIF ZIF  Cu-3D-ZIF-325 Cu-3D-ZIF-248 3D-ZIF-325
0
Stage 1 18.54 4.14 6.93 4.93 8.64
Stage 11 4.98 5.80 8.76 7.80 8.52
Stage 111 48.11 55.63 49.94 55.62 51.17
Residual mass 27.37 34.43 34.47 32.25 31.67
Table S2 The PS diameter, pore size and shrinkage.

Sample name Template diameter (nm )  Average pore size (nm )  Shrinkage rate %
Cu-3D-ZIF-248 248 221 10.89
Cu-3D-ZIF-325 325 315 3.1

3D-ZIF-325 325 312 4
Table S3 The specific surface area and pore structure of the samples.

1 Cu- ZIF Cu-3D-  Cu-3D- 3D-ZIF-

sampres ZIF ZIF-325  ZIF-248 325

pore diameter (A) 3599  16.29 17.33 16.42 17.26
Average pore size of mesopores (A) 5739  131.06 246.93 109.17 143.47

micropore volume (cm?/g) 0.00 0.06 0.33 0.64 0.56

Mesoporous pore volume (cm’/g) 0.00 0.40 0.06 0.04 0.06

total pore volume(cm3/g) 0.00 0.46 0.39 0.68 0.62
specific surface area (m?/g) 1.15 1141.39 896.05 1660.78  1441.75

Table S4 The proportions of various elements in the XPS survey spectrum of as-prepared

samples
Samples Clat% N/at% O/at% Zn/at% Cu/at%
Cu-ZIF 58.87 27.82 6.29 6.81 0.22
ZIF 58.21 28.19 5.79 7.81 --
Cu-3D-ZIF-325 60.87 26.94 4.64 7.31 0.24
Cu-3D-ZIF-248 64.25 24.32 5.10 6.13 0.20
3D-ZIF-325 61.81 27.03 4.18 6.98 --

Table S5 The peak proportion of C 1s XPS spectra of as-prepared samples.

Samples Peak position (eV) Peak area ratio (%)
C-O C-N C=C C-O C-N C=C
Cu-ZIF 291.80 286.00 284.70 3.95% 28.34% 67.71%
ZIF 291.81 286.02 284.71 3.89% 30.53% 65.58%
Cu-3D-ZIF-325 291.81 286.01 284.72 3.23% 26.03% 70.74%
Cu-3D-ZIF-248 291.80 286.00 284.71 3.66% 24.32% 72.02%
3D-ZIF-325 291.81 286.02 284.70 2.96% 28.18% 68.87%




Table S6 The peak proportion of N 1s XPS spectra of as-prepared samples.

Samples Peak position (eV) Peak area ratio (%)
N-Zn/Cu C-N N-Zn/Cu C-N
Cu-ZIF 400.40 398.70 6.57% 93.43%
ZIF 400.42 398.73 4.18% 95.82%
Cu-3D-ZIF-325 400.41 398.72 5.47% 94.53%
Cu-3D-ZIF-248 400.43 398.87 8.33% 91.67%
3D-ZIF-325 400.40 398.71 6.83% 93.17%

Table S7 The peak proportion of O 1s XPS spectra of as-prepared samples.

Peak position (eV) Peak area ratio (%)
Samples O-H C-0 O-H C-0
Cu-ZIF 531.95 531.15 43.32% 56.68%
ZIF 531.95 531.15 40.71% 59.29%
Cu-3D-ZIF-325 531.94 531.15 40.63% 59.37%
Cu-3D-ZIF-248 531.29 531.07 39.00% 61.00%
3D-ZIF-325 531.94 531.16 40.49% 59.51%

Table S8 The peak proportion of Zn 2p XPS spectra of as-prepared samples.

Samples Peak position (eV) Peak area ratio (%)
2pin 2psp 2pip 2psp
Cu-ZIF 1044.80 1021.72 33.32% 66.68%
ZIF 1044.81 1021.72 33.33% 66.67%
Cu-3D-ZIF-325 1044.82 1021.72 33.34% 66.66%
Cu-3D-ZIF-248 1044.82 1021.70 33.33% 66.67%
3D-ZIF-325 1044.81 1021.72 33.30% 66.70%

Table S9 The peak proportion of Cu 2p XPS spectra of as-prepared samples.

Samples Peak position (eV) Peak area ratio (%)
2pl/2 2p3/2 2pl/2 2p3/2
Cu-ZIF 953.90 933.11 33.34% 66.66%
Cu-3D-ZIF-325 953.90 933.13 33.33% 66.67%
Cu-3D-ZIF-248 953.49 933.46 33.33% 66.67%

Table S10 The apparent quantum efficiency of the sample

Sample CuZIF ZIF Cu3D.ZIF325  Cu3D-ZIF248  3D.-ZIF-325
Apparent quantum 5\ g 4 11.72 6.77 0.43
efficiency

Table S11The kinetic constants extracted from the time-resolved PL decay curves of samples
Cu-ZIF, ZIF, Cu-3D-ZIF-325, Cu-3D-ZIF-248 and 3D-ZIF-325 were calculated by fitting.

Samples 11(ns) Rel1(%) T,(ns) Rel »(%) Tavg (1S)
Cu-ZIF 2.56 69.64 19.49 30.36 7.70
ZIF 1.75 71.13 4.02 28.87 241
Cu-3D-ZIF-325 1.39 58.20 5.79 41.80 3.23
Cu-3D-ZIF-248 1.61 59.97 6.72 40.03 3.65

3D-ZIF-325 1.96 63.88 5.94 36.12 3.39




Table S12 Previously reported photocatalytic hydrogen evolution performance and apparent
quantum efficiency (AQE) of advanced MOF-based photocatalysts.

Samples H, Production Rate (umol-g-'-h-")
Pd@MOF-808-b [1] 236
Cu-MOF/ZnIn,S4-10 [2] 300
PbS/NTU-9 [3] 432
Fe-MOF-525 [4] 505.4
MoS,@Cu/Co-MOF [5] 832.4
Co-MOF/H-g-C3N, [6] 1033
ZrO,/Zr-MOF/Pt [7] 1327
ZCS@Cuy75/Fe-MOF [8] 1563.96
this work 2233.20

Table S13 The photocatalytic hydrogen evolution performance and apparent quantum
efficiency (AQE) of advanced photocatalysts have been previously reported.

Samples H, Production Rate Apparefnt quantum Wavelength
(umol-g'-h!) efficiency (%) (nm)
Co-Co PBA/GDY [9] 96.93 1.94 470
CdS/Mo(C[10] 224.5 7.6 420
Na-SPHI [11] 571.8 61.7 420
g-C3N, (CN3) [12] 1160 7.67 420
CuPtAu/g-C;Ny[13] 1451 4.9 370
CoS/g-C5Ny/NiS[14] 1930 16.4 420
This work 2233.20 11.72 400

In this study, Cu?* doping achieves a significant amplification of the slow light effect by
precisely regulating the refractive index (n) and photonic band gap (PBG) characteristics of
3DOM ZIF-8, with the underlying mechanism elaborated as follows:

Firstly, Cu?* doping effectively increase the dielectric constant (g) of the ZIF-8 solid
phase This is attributed to the partial substitution of Zn?* by Cu?* in the ZIF-8 lattice, where
Cu?" forms a stable coordination environment. For non-magnetic materials, the refractive
index and dielectric constant follow the relationship ™ = ue (where u is the magnetic
permeability, approximately a constant), leading to a direct increase in the refractive index (n)
of the ZIF-8 solid phase upon Cu?" doping. The enhanced n significantly promotes multiple
scattering and total internal reflection of light within the 3DOM macropores, prolonging the
light residence time inside the catalyst and thereby amplifying the slow light effect.

Secondly, Cu?* doping modulates the PBG position by increasing n. The PBG can be

easily calculated according to the modified Bragg’s law (Chem, 2 (2017) 877-892.):



A= 2@1) Nyp_of +nyiq(1-f) -sin®@

A is the wavelength associated with the photonic band gap, D is the macropore diameter
of 3DOM ZIF-8 (Table S2), n is the refractive index; f is the volume fraction of ZIF-8,
typically taken as 0.4; 4 is the incident angle of light.

When 6 = 0°, the PBG wavelength (1) depends exclusively on the macropore diameter
(D) and the effective refractive index of 3DOM ZIF-8. Notably, the measured PBG
wavelength (Acasured) from reflection spectra exhibits excellent agreement with the calculated
value (Aeaculaed) Using the modified Bragg’s law. As indicated by the equation, a larger
macropore diameter (D) or higher refractive index (n) results in a longer PBG wavelength,
thereby expanding the PBG range. Thus, the enhancement of n induced by Cu?" doping
further promotes the expansion of the PBG.

In summary, Cu?" doping enhances the solid-phase refractive index by increasing the
dielectric constant of ZIF-8, which strengthens light scattering and extends the optical path
length. Consequently, the slow light effect of Cu-3D-ZIF-325 is significantly superior to that
of pristine 3D-ZIF-8, ultimately leading to substantial improvements in light harvesting

efficiency and photocatalytic hydrogen evolution activity.

Table S14 The diameters of PS spheres, the pore diameter and the photonic band gap
positions measured by reflectance spectra and calculated by the modified Bragg’s law.

PS diameter  Pore diameter

Sample name Shrinkage % imeasured lcalculated
(nm) (nm)

Cu-3D-ZIF-248 248 221 10.89 559 562

Cu-3D-ZIF-325 325 315 3.1 592 588

Introduction to DFT calculations

All theoretical calculations were performed using the Vienna Ab-initio
Simulation Package (VASP). The electron exchange-correlation interactions were
described by the generalized gradient approximation (GGA) combined with the

Perdew-Burke-Ernzerhof (PBE) potential. The electronic wave functions were



expanded using a plane-wave basis set with a cutoff energy of 520 eV, and the
interlayer van der Waals interactions were corrected via Grimme’s DFT-D3 method.
For k-point sampling in the first Brillouin zone, the I'-centered Monkhorst-Pack
scheme was adopted with a grid setting of 2x2x1. The convergence criteria for
structural optimization were set as follows: the force acting on each atom in the model
was less than 0.03 eV-A-!, and the total energy of the system converged to 105 eV.
Meanwhile, to avoid spurious interactions between periodic repeating units, a vacuum
layer larger than 15 A was set along the z-direction (crystallographic direction), a
treatment widely employed in the local structural simulation of porous framework
materials.In the DFT calculations, the structural model of ZIF-8 was directly taken
from the experimentally reported unit cell without further simplification, with lattice
constants of 16.99 Ax16.99 Ax16.99 A. This unit cell was fully optimized and served
as the basis for constructing the calculation model. To balance the approximate
simulation of the local environment of the 3DOM framework and computational
feasibility, a slab model was built based on this optimized unit cell. The resulting
structure is consistent with the modeling strategies reported in recent studies on
3DOM ZIF-8 frameworks, and this periodic repeating fragment can provide reliable
and physically meaningful characterization of local structural features for the

adsorption and reaction analyses involved in this work.
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