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The XRD patterns of the unmodified HKUST-1 and modified HKUST-1 MOF sample at 0.25 wt % 

triphenylphosphine involvement are shown in Fig. S1. The diffraction patterns of unmodified 

HKUST-1 are well indexed and the patterns were the same with the simulated XRD pattern The 

XRD patterns of modified HKUST-1 were also similar with both the synthesized HKUST-1 and 

the simulated XRD pattern except a new peak emerged at 2𝜃 = 36.4˚ (selected peak) matching 

well with the diffraction patterns of Cu2O (JCPDS card number 05-0667). This might be due to 

partial reduction of Cu+2 ions to Cu+ ions via TPP. This suggests that the triphenylphosphine 

incorporation process was successful, and the ligands, triphenylphosphine and trimesic acid, can 

be involved in coordination reaction with the Cu2+ cation. 

 

 Fig. S1 XRD patterns of modified and unmodified HKUST-1. 
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Fig. S2 Scanning electron microscopy (SEM) images of the unmodified HKUST-1 (a) and 

modified HKUST-1 in presence of 0.25 (b), 0.50 (c) and 0.75 weight ratio of triphenylphosphine. 

 

 

 

Fig. S3 Digital photographs of solutions during preparation of modified HKUST-1 
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Fig. S4 Digital photographs of different samples 
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Fig. S5 XRD patterns of HKUST-1-P-300 and HKUST-1-300  

 

 

 

Fig. S6 (a) UV-Vis diffusive absorption spectra of HKUST-1-P-300, HKUST-1-300 and Cu2O 

nanoparticles and (b) Tauc plots of HKUST-1-P-300 and HKUST-1-300 samples for band gap 

estimation. 
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Fig. S7 SEM images (a) and Typical EDX analysis (b) acquired from the HKUST-1-P-300 

 

 

 

 

Fig. S8 Nitrogen adsorption and desorption isotherms of HKUST-1 and HKUST-1-P 
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Fig. S9 BJH pore size distribution of different prepared samples 

 

 

Fig. S10 D-A pore size distribution of MOF precursors. 
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Table S1 BET information of the prepared samples 

Sample SBET (m2 g-1) Pore size (nm) Pore volume (cm3 g-1) 

HKUST-1 1103.2 0.41 0.438 

HKUST-1-P 517.9 0.46 0.212 

HKUST-1-P-280 11.31 16.8 0.059 

HKUST-1-P-300 219.2 12.0 0.356 

HKUST-1-P-350 28.15 2.1 0.134 

HKUST-1-P-400 10.72 1.5 0.034 

HKUST-1-P-450 2.73 2.4 0.014 

 

 

Fig. S11 (a) XPS survey spectra of for HKUST-1-300 and HKUST-1-P-300 and (b) High 

resolution XPS spectra of O 1s for HKUST-1-300 and HKUST-1-P-300 samples.  
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Fig. S12 pHpzc analysis of HKUST-1-P-300, HKUST-1-300 and Cu2O. 

 

 

 

 
Fig. S13 (a) Degradation efficiency of phenol vs. photocatalyst loading and (b) effect of phenol 

initial concentration in presence of HKUST-1-P-280, HKUST-1-P-300, HKUST-1-P-350, 

HKUST-1-P-400 and HKUST-1-P-450 photocatalyst (10 mg photocatalyst dose and at pH 6.8) 

under visible light irradiation for 2 h. 
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Table S2 Effect of phenol initial concentration in presence of HKUST-1-P-280, HKUST-1-P-300, 

HKUST-1-P-350, HKUST-1-P-400 and HKUST-1-P-450 photocatalyst (10 mg photocatalyst dose 

and at pH 6.8 under visible light irradiation for 2 h. 

Initial phenol 

concentration 

(ppm) 

Degradation efficiency (%) of phenol by different photocatalyst  

HKUST-1-P-280 HKUST-1-P-300 HKUST-1-P-350 HKUST-1-P-400 HKUST-1-P-450 

20 - - - - - 

40 38 96 65 10 8 

60 30 70 41 8 6 

80 21 48 28 5 2 

100 11 31 18 2 1 

 

 

  

 

Fig. S14 (a) Degradation efficiency of phenol and (b) corresponding pseudo-first-order kinetic 

curves of modified and unmodified sample (10 mg catalyst dosage, 40 ppm of phenol solution and 

at pH 7) under visible light irradiation for 1.5 h. 
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Fig. S15 UV-Vis spectral changes of the degradation of phenol using HKUST-1-P-300 

 

 

Table S3 Summary of the phenol photo degradation catalyzed by different catalyst.  

Sample 
Apparent rate 

constant (min-1) 

Degradation 

efficiency (%) 

Moles of phenol 

degraded 

TON 

 (60 min) 

TOF 

 (min-1) 

HKUST-1-P 0.0018 11.6 4.93 × 10-3 1389 23.2 

HKUST-1-P-280 0.0074 49.6 2.11 × 10-2 5944 99.1 

HKUST-1-P-300 0.075 99.4 4.25 × 10-2 11887 198.1 

HKUST-1-P-350 0.013 72.1 3.06 × 10-2 8620 143.7 

HKUST-1-P-400 0.0019 18.9 8.03 × 10-3 2262 37.7 

HKUST-1-P-450 0.0014 13.9 5.91 × 10-3 1665 27.8 
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The turnover number and the corresponding turnover frequency for phenol degradation were 

calculated using equation (1) and (2) as follows:  

𝑇𝑂𝑁 =   
𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑒𝑛𝑜𝑙 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑

𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑙𝑜𝑎𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
     𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (1) 

                                    𝑇𝑂𝐹 =   
𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 (min)
                                                           𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (2) 

For instance, the corresponding TON and TOF of phenol degradation using HKUST-P-300 was 

calculated to be: 

𝑇𝑂𝑁 =   
4.25 ×  10−2

0.01 ×  1.1% ×  
1

30.974

= 11887 

𝑇𝑂𝐹 =   
11887

60 𝑚𝑖𝑛
= 198.1 𝑚𝑖𝑛−1 

 

 

Table S4 Photodegradation of phenol using different photocatalyst 

Photocatalyst 

Initial phenol 

concentration 

(ppm) 

Time 

 (min) 
pH Irradiation 

Degradation  

(%) 
Ref. 

n-TiO2 (77 nm) 37.6 180 7 direct sunlight 87.3 1 

n-TiO2 (77 nm) 37.6 180 7 direct sunlight 95.2 1 

Eosin Y-TiO2/Pt 40 90 7 visible light 93 2 

ZnO nanorods 10 150 - visible light 50 3 

TMU-5(Cd 30%) 25 120 6.8 visible light 78 4 

V-doped α-MnO2 100 720 6 UV light 76.8 5 

Fe[HO3PCH(OH)COO]·2H2O 50 80 7.9 UV light 90 6 

CuO−Co3O4 ~20 30 - UV light ~90 7 

α-Fe2O3/RGO 10 120 - visible light 67 8 
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BiOCl-TiO2 50 360 - visible light 40 9 

BiOI-loaded ZnO 25 120  UV light 99.9 10 

Ag3PO4-BiOCl0.75Br0.25 (1:5) 25 75 - visible light 97.9 11 

N-doped TiO2 50 540  visible light 99.2 12 

M-ZnO 25 200  visible light 61.8 13 

HKUST-1-P-300 (P-doped 

carbon/Cu2O) 
40 60 7 visible light 99.4 

This 

study 
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Fig. S16 HPLC-MS spectrum and MS spectra of phenol photo degradation catalyzed by HKUST-

1-P-300: irradiated for 15 minutes. 
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Fig. S17 HPLC-MS spectrum and MS spectrum of phenol photo degradation catalyzed by 

HKUST-1-P-300: irradiated for 30 minutes. 

 

Fig. S18 HPLC-MS spectrum and MS spectrum of phenol photo degradation catalyzed by 

HKUST-1-P-300: irradiated for 45 minutes 



16 
 

 

Fig. S19 HPLC-MS spectrum and MS spectrum of phenol photo degradation catalyzed by 

HKUST-1-P-300: irradiated for 60 minutes. 

 

 

Fig. S20 pH changes in the phenol solution vs. photocatalysis time using HKUST-1-P-300. 
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Fig. S21 FTIR spectra for evolution of CO2 as an indication of complete mineralization of phenol 

molecules. Reaction time was extended to 4h to give a clear observation of the characteristic 

absorption peak (gray zone) of CO2.  

 

 

Table S5 Theoretical mass balance between MeOH and thus generated CO2 & H2 during 

photochemical H2 production catalyzed by HKUST-1-P-300. UV absorption at 190 nm was used 

to calculate the MeOH concentration value (g mL-1).  

 

 

Time (h) Methanol concentration  Theoretical CO2 conc. Theoretical H2 conc. 

0 0.155 0 0 

1 0.140 0.0148 0.0443 

2 0.131 0.0238 0.0714 

3 0.130 0.0249 0.0749 

4 0.127 0.0281 0.0842 

 

 

 

CH3OH + H2O CO2 3H2+
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Table S6 Change of gas phase CO2 & H2 concentration in the reactor during photochemical H2 

production catalyzed by HKUST-1-P-300. GC-TCD technology was used to determine the data. 

Time (h) CO2 composition (%) H2 composition (%) 

0 0 0 

1 0.28 99.72 

2 0.48 99.52 

3 0.52 99.48 

4 0.60 99.4 

 

 

Table S7 Comparison of hydrogen production via photochemical water splitting using bare or 

modified Cu2O based photocatalyst. 

Photocatalyst Co-catalyst Sacrificial agent 
H2 evolution rate 

(µmol h-1 ) 
Ref. 

Cu2O/ MoS2 MoS2 Methanol 45.0 14 

arGO/Cu2O Pt Methanol 2.645 15 

Zn-Doped Cu2O Pt Glucose 38.17 16 

Cu2O/rGO - TEOA 45.3 17 

bNGQDs-Cu2O Pt Methyl alcohol 2.26 18 

Cu2O - - 2 19 

Cu–Cu2O– 

graphene 
Pt Methanol 1.62 20 

HKUST-1-P-300 - Methanol 151 
This 

work 
arGO- reduced graphene oxide; bNGQDs- nitrogen doped graphene quantum dots;  
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Fig. S22 Digital photo of the reaction mixture during irradiation 

 

The external quantum efficiency (EQE) was measured under the same photocatalytic reaction 

condition as described before except that irradiation of light from Xenon lamp was carried out at 

different wavelength (425, 440, 480, 520 and 600 nm) by using a monochromator (monochromator: 

omno151). The light intensity was obtained with an optical power meter (FZ-400, HSX-F300 

Beijing), and the number of incident photons and quantum efficiency were obtained by equation 

(3) and equation (4), respectively. The amounts of H2 molecules generated in 3 h using HKUST-

1-P-300 are used for calculation of external quantum efficiency. 

𝑁 =  
𝐸𝜆

ℎ𝑐
                                                                                                     𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3) 

𝐸𝑄𝐸 =   
2 ×  𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 ×  100%   𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4) 

For instance, the corresponding number of incident photons (N) and external quantum efficiency 

(EQE) at 425 nm was calculated to be 4.85x1019 and 48.6%, respectively. That is:  

𝑁 =  
𝐸𝜆

ℎ𝑐
=  

2.1 ×  10−3  ×  3 ×  3600 ×  425 ×  10−9

6.626 ×  10−34  ×  3 ×  108
= 4.85 × 1019 

 

𝐸𝑄𝐸 =   
2 ×  6.02 × 1023  ×  19.57 ×  10−6

4.85 ×  1019 
= 48.6% 
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Table S8 The calculated External Quantum Efficiency (EQE) at different wavelength 

Sample 
Wavelength 

(nm) 

H2 evolved 

(µmol) 

Light intensity  

(mW) 

No of incident 

photon (N) 

EQE 

(%) 

HKUST-1-P-300 

=425 19.57 2.1 4.85×1019 48.6 

=440 15.32 2.7 6.45×1019 28.2 

=480 9.28 5.1 1.33×1020 8.4 

=520 2.23 5.5 1.49×1020 1.8 

=600 0.216 4.1 1.30×1020 0.2 

HKUST-1-P-280 =425 1.25 2.1 4.85×1019 3.1 

HKUST-1-P-350 =425 3.30 2.1 4.85×1019 8.2 

HKUST-1-P-400 =425 0.483 2.1 4.85×1019 1.2 

HKUST-1-P-450 =425 0.384 2.1 4.85×1019 0.84 

HKUST-1-P =425 0.0004 2.1 4.85×1019 0.001 

 

The turnover number and the corresponding turnover frequency for hydrogen evolution were 

calculated by using equation (5) below and equation (4) above, respectively. The amount of 

evolved H2 using HKUST-1-P-300 photocatalyst is ~1208 mol in 8 h.  

𝑇𝑂𝑁 =   
𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2

𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑙𝑜𝑎𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
     𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5) 

 

𝑇𝑂𝑁 =   
1208 ×  10−6

0.01 ×  1.1% ×  
1

30.974

= 340.2 

 

𝑇𝑂𝐹 =   
340.2

8 ℎ
= 42.5 ℎ−1 



21 
 

 

Fig. S23 Photoluminescence spectra of HKUST-1 and unmodified HKUST-1-P 

 

 

Theoretical studies of P-doping 

All calculations were performed using the Perdew-Burke-Ernzerhof (GGA-PBE)21 exchange-

correlation functional implemented in the plane-wave based Vienna ab initio simulation package 

(VASP)22-24, the projector augmented wave (PAW) method25, 26 with a frozen-core approximation 

was used to describe the ion-electron interactions. A cutoff energy of 400 eV and the conjugate-

gradient algorithm were used in the calculations. Brillouin-zone integrations were done with 

Monkhorst Pack27 grids using a generalized Gaussian smearing width of 0.1 eV.28 Density of states 

(DOS) was calculated with (5×5×1) k-points grids for Cu2O and P-doped Cu2O. The substrate 

is modeled with four-layer slab of 4×4 surface unit, subjected to three-dimensional periodic 

boundary conditions. The slabs were separated by vacuums of 15 Å. The bottom two atomic layers 

were fixed at theoretical equilibrium bulk positions of Cu and O, while all the other atoms were 

allowed to relax. The band gap values calculated from DFT results are usually much smaller than 

that of measured values, however it is still could be used for mutual comparison to get the 

regularity of materials because they were studied under the same standard.29 
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Fig. S24 Electronic band structure of Cu2O (1, 1, 1). 

 

Fig. S25 Electronic band structure of P-Cu2O (1, 1, 1). 

 



23 
 

 

Fig. S26 PDOS and TDOS of Cu2O (1, 1, 1). 

 

Fig. S27 PDOS and TDOS of P-Cu2O (1, 1, 1). 
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Fig. S28 PDOS of phosphorus in P-Cu2O (1, 1, 1). 
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