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Synthesis of 5,10,15,20-tetra (4-methoxycarbonylphenyl) porphyrin (TMCPP)

Firstly, methyl 4-formylbenzoate (0.086 mol, 14.410 g) was completely
dissolved in propionic acid (250 mL), then pyrrole solution (6.1 mL pyrrole and 20 mL
propionic acid) was added slowly, and then the mixture was refluxed at 150 °C for 12
h. After the reaction was stopped, the precipitate was obtained by suction filtration,
and washed with a large amount of EtOH, ethyl acetate and a small amount of THF
respectively. The precipitate was dried at 70 °C for 12 h to obtain the purple product,
recorded as TMCPP.

Synthesis of 5,10,15,20-tetrakis (4-carboxyphenyl) porphyrin (TCPP)

TMCPP (0.600 g) was dissolved in 24 mL (V14r: Vmeon =1:1) mixture, then KOH
(2.88 mol/L) aqueous solution was added to it and reflux was conducted at 90 °C for
12 h. After the mixed solution was cooled, the organic solvent was removed by the
rotary evaporation method, and then the pH of the solution was adjusted with 0.1 M
HCl to make pH=2 and the solid product was precipitated. Finally, the solid product
was washed several times with water and dried at 80 °C to obtain the target product,
recorded as TCPP.

Synthesis of Al,/Ru,-TCPP with different molar ratios

To synthesize Al,/Ru,-TCPP (x = 0.45, 0.4, 0.35, 0.3, 0.25 mmol, and y = 0.05, 0.1,
0.15, 0.2, 0.25 mmol), AlCl;-6H,0 (109, 97, 85, 73, 61 mg), RuCls-xH,0 (10.5, 21, 31,
42, 52 mg) and TCPP (161 mg) were added in 20 mL deionized water, respectively.
And the ultrasonic homogeneous mixture was placed in a 50 mL high-pressure

reactor at 180 C for 16 h.



Characterization

The phase purity and crystal structure of as-prepared catalysts were
characterized by X-ray powder diffraction (XRD) patterns (XPD-6100, Shimadzu,
Japan); The morphology of as-prepared catalysts was characterized by scanning
electron microscopy (SEM) micrographs (Zeiss Merlin, Germany); Energy dispersive
X-Ray spectroscopy (EDX) (FEI Quanta 650FEG, USA) was conducted to determine the
elemental composition of the composite material; The chemical states of various
elements in the material were studied by X-ray photoelectron spectroscopy (XPS)
(Thermo Scientific K-Alpha, USA); Ultraviolet-visible diffuse reflectance spectroscopy
(UV-vis DRS, Shimadzu, Japan) of all materials are obtained in the range of 300~800
nm; Fourier transform infrared (FT-IR) spectra were recorded in the range of 400—
4000 cm™! with a IRPrestige-21 (Shimadzu, Japan) spectrophotometer; Based on
Brunauer-Emmett-Teller (BET) measurements (ASAP 2020, USA), the specific surface
area of the materials was determined using N, adsorption/desorption isotherms, and
the pore volumes were obtained using the Barrett-Joyner-Halenda (BJH) method.
Electrochemical measurements

All electrochemical tests all catalysts were carried out on a CHI660E
electrochemical workstation (Chenhua Co., LTD., Shanghai, China). A standard three-
electrode cell was used, with a glassy carbon electrode as the working electrode, a
saturated calomel electrode as the reference electrode, and a graphite rod as the
counter electrode. Typically, 5 mg of sample was uniformly dispersed by sonication

in a mixed solution (490 pL of deionized water, 490 uL of absolute ethanol and 20 pL



of 5 wt% Nafion). Then, 5 uL of the above solution was dropped on a glassy carbon
electrode with a diameter of 3 mm and dried at room temperature as a working
electrode. The mass loading was 0.35 mg-cm2in 0.5 M H,50, and the commercial 20
wt% Pt/C electrode was also prepared using the same procedure for comparison.
HER tests

The linear scanning voltammograms (LSV) were tested in a 0.5 M H,SO, solution
under the potential range from 0 to -1 V and the scan rate of 5 mV:s. All the
potential values provided were reported relative to RHE and measured relative to
the SCE electrode according to E (vs. RHE) = E (vs. SCE) + 0.241 + 0.0592 x pH. EIS was
obtained by a frequency range from 100 k to 0.1 Hz with an overpotential of -0.3 V
versus RHE. Cyclic voltammetry (CV) was tested at different scan rates (20, 40, 60, 80,
100, 120, 140, 160, 180 and 200 mV-s) in a potential window (0.141-0.541 V vs. RHE)
where no Faradaic process occurs. The electrochemically active surface area was
evaluated from double-layer capacitance (Cy). Stability test through cyclic potential
scanning and chronoamperometry method (constant density of 10 mA-cm2 current
density).
Calculation Methods

We have employed the first-principles ? to perform all density functional
theory (DFT) calculations within the generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof (PBE) 3 formulation. We have chosen the projected
augmented wave (PAW) potentials 4> to describe the ionic cores and take valence

electrons into account using a plane wave basis set with a kinetic energy cutoff of



520 eV. Partial occupancies of the Kohn-Sham orbitals were allowed using the
Gaussian smearing method and a width of 0.05 eV. The electronic energy was
considered self-consistent when the energy change was smaller than 10> eV. A
geometry optimization was considered convergent when the energy change was
smaller than 0.03 eV A-l. The vacuum spacing in a direction perpendicular to the
plane of the structure is 20 A for the MOFs surface. The Brillouin zone integration is
performed using 1x1x1 Monkhorst-Pack k-point sampling for a structure. Finally, the
adsorption energies (Eads) were calculated as Eads = Ead/sub - Ead - Esub, where
Ead/sub, Ead, and Esub are the total energies of the optimized adsorbate/substrate
system, the adsorbate in the structure, and the clean substrate, respectively. The
free energy was calculated using the equation:

G=E+ZPE-TS

where G, E, ZPE and TS are the free energy, total energy from DFT calculations,

zero-point energy and entropic contributions, respectively.
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Fig. S1. XRD of AI-TCPP, Ru-TCPP and Al,/Ru,-TCPP prepared with different molar

ratios (x = 0.25, 0.3, 0.35, 0.4, 0.45, and y = 0.25, 0.2, 0.15, 0.1, 0.05).
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Fig. S2. FT-IR spectra of A|0.35/RUO.15-TCPP and A|0.35/RUO.15-TCPP-CNTS.
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Fig. S3. EDS spectra and atomic ratio of Alg 35/Rug 15-TCPP-CNTs.
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Fig. S4. XPS full spectra of AI-TCPP, A|0.35/RUO.15-TCPP, A|0‘35/RUO.15-TCPP-CNTS and Ru-

TCPP.
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Fig. S5. N1s spectra of AI-TCPP, A|0.35/RUO.15-TCPP, A|0.35/RUO.15-TCPP-CNTS and Ru-

TCPP.
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Fig. S6. Comparison of overpotentials at 10 mA-cm~2for different proportions of

Al,/Ru,-TCPP.
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Fig. S7. Corresponding overpotentials of Aly 35/Rug 15-TCPP-CNTSs, Alg 35/Rug.15-TCPP

and 20 wt% Pt/C (at 10 mA-cm2).
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Fig. S8. XRD patterns of Alg 35/Rug 15-TCPP-CNTs before and after long-term stability

testing in 0.5 M H,S0,.
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Fig. S9. (d) H-adsorption structures of the Al and Ru sites of AI-TCPP, Ru-TCPP, and

A|0.35/R U0.15-TCPP.
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Table S1. Structural parameters of different samples.

Total Pore Volume Pore Size (nm)

Sample Sger (M2-g7) (cm-g?)
Alg 35/Rug 15-TCPP 220.55 0.252 5.7
Alg 35/Rug 15-TCPP-CNTs 440.41 0.321 15.2

Table S2. Parameters from peak deconvolution of XPS spectra in the C 1s region.

Binding Energy (eV) Cc=0 C-N C-C/c=C
Al-TCPP 288.78 286.63 284.79

Al 35/RUg 15-TCPP 289.13 286.55 284.82

Al 35/RUg 15-TCPP-CNTs 289.22 286.71 284.81
Ru-TCPP 288.82 286.54 284.80

Table S3. Parameters from peak deconvolution of XPS spectra in the Ru 3d region.

Binding Energy (eV) Ru 3ds/, Ru 3ds),
Al-TCPP - -
Alg 35/Rug 15-TCPP 285.24 -
Alp 35/Rug.15-TCPP-CNTs 285.55 -
Ru-TCPP 285.58 281.86

Table S4. Parameters from peak deconvolution of XPS spectra in the O 1s region.

Binding Energy (eV) O-H 0-C=0 Al-O Ru-O
Al-TCPP 533.35 531.95 530.66 -
Alg 35/Rug.15-TCPP 533.19 532.12 531.11 530.14
Alg 35/Rug 15-TCPP-CNTs 533.42 532.29 531.11 530.14

Ru-TCPP 533.23 531.81 - 530.68
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Table S5. Parameters from peak deconvolution of XPS spectra in the Al 2p region.

Binding Energy (eV)

Al 2p

Al-TCPP
A|0_35/RUO.15'TCPP

A|0_35/RUO.15'TCPP-C NTs

74.16
74.47
74.57

Table S6. Parameters from peak deconvolution of XPS spectra in the Ru 3p region.

Binding Energy (eV)

Ru 3p; Ru 3pi Ru3ps; Ru3ps;

Ru-TCPP 488.96 485.03 465.98 462.79

Alg 35/Rug 15-TCPP 488.56 484.47 465.68 462.16

Al 35/Rug 15-TCPP-CNTs 487.77 484.21 465.44 461.93

Table S7. Elemental compositions (atom%) of Alg3s/Rug.15-TCPP-CNTs obtained from

the XPS results.

Catalysts Al Ru

C N 0 Al/Ru
Alg 35/Rug 15-TCPP 13.71 5.67 46.03 2.15 32.44 2.42
Alo.ss/ Rcul\fﬁZ'TCPP' 9.91 4.29 54.88 2.61 28.31 2.31
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Table S8. The HER activities of the Algss/Rug15-TCPP-CNTs compared with other

recently reported catalysts in 0.5 M H,SO,.

Catalysts _At 10 mA cm? References
(in 0.5 M H,S0,)
Alp 35/Rug.15-TCPP-CNTs 32 mV Our work
Al 35/Rug 15-TCPP 55 mV Our work
RuRh, 34 mV Adv. Sci. ©
Ru-WO0, 7, 40 mV Appl. Catal. B. 7
Co1Ru,/GC 44 mV Chem. Eng. J. 8
Ru@TisC,T,-NS 46.75 mV Int. J. Hydrogen Energy. °
RuMo-Ar 48 mV Small Struct. 1©
Ru;CoP/CDs 49 mV Angew. Chem. Int. Ed. 1!
RuP,/CNT 58 mV Chem. Eur. J. 12
Ru@B-Ti3C,T, 62.9 mV Small 3
ECM@Ru 63 mV Adv. Energy Mater. 14
Rusa-N-S-TizC,T, 76 mV Adv. Mater. 1>
RuP,@PC 77.2 mV J. Mater. Chem. A1®
RusAl 79 mV Inorg. Chem. '
RuNi/CFC 80.2 mV Nanoscale 18
MoP-Ru,P/NPC 82 mV Appl. Catal. B. 12
Ru/Ni,P@NPC 89 mV ACS Sustain. Chem. Eng. 20
Ru@Co/N-CNTs 92 mV ACS Sustain. Chem. Eng. 2
Ru@N-TiO,/C 116 mV J. Mater. Chem. A %2
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