Promotional Effect of Nitrogen-doped and Pore Structure for the direct synthesis of Hydrogen Peroxide from Hydrogen and Oxygen by Pd/C Catalyst at Ambient Pressure

Donghai Jianga, b, c, d, Yongyong Shia, c, Liming Zhou a, c, d, Jun Ma a, c, Hongyan Pan*a, c, Qian Lin*a, c
* Corresponding authors

a School of Chemistry and Chemical Engineering, Guizhou University, Guiyang, Guizhou 550025, China

b State Key Laboratory of Public Big Data, Guizhou University, Guiyang, Guizhou 550025, China

c Guizhou Key Laboratory of Green Chemical and Clean Energy Technology, Guiyang, Guizhou 550025, China

d School of Chemical Engineering, Guizhou Institute of Technology, Guiyang, Guizhou 550003, China

E-mail: linq@gzu.edu.cn, hypan@gzu.edu.cn
S1 Experimental
S1.1 Preparation of the hydrothermal carbonaceous materials. 
Hydrothermal carbon is prepared by the method mentioned in the literatures [1-3]. In a typical process, 6.75 g of glucose was firstly dissolved in 50 mL of water. The solution was transferred into a 100 mL Teflon-lined autoclave. The autoclave was put into a constant temperature oven of 190°C and maintained for 10 h. The obtained brown carbonaceous materials were washed several times with water and ethanol. Lastly, the materials were dried in the air at 80°C. The materials was named HTC. To prepare hydrothermal carbons with different morphologies, PSS (60 mg) and PAANa (120 mg) were added as dispersing agents to dissolve glucose, and the rest of the steps were the same as the above. The materials were named HTC-PSS and HTC-PAANa, respectively.
S1.2 Preparation of the nitrogen-doped porous carbon

Nitrogen-doped porous carbon was prepared by one-step pyrolysis activation at high temperature using glucose hydrothermal carbon as carbon source, melamine as nitrogen source [4], and potassium bicarbonate (KHCO3) as activator [5]. In a typical procedure, Put the hydrothermal carbon (2.0 g), melamine, and potassium bicarbonate in an agate mortar and grind for 30 minutes at a mass ratio of 1:2:8, and the mixture was calcined in a tube furnace at a programmed temperature in N2 flow (99.999%, 180 mL/min). The temperature program was shown as follows: the temperature rose from ambient temperature to 400℃ remained for 120 minutes, then rose to 900℃ remained for another 60 minutes. The heating rate was 5℃/min. Later, it began to cool down naturally. The black solid was gained after it cooled down to ambient temperature. Then the black solid was transferred into a beaker, and 200 ml HCl (2M) was added to the beaker. The mixture was stirred for 12 hours at room temperature. At last, filter the solution and the black solid residue was dried at 80 ℃ in an oven overnight. The sold powder obtained was named NPCs-X, X is the type of dispersing agent. The porous carbon without nitrogen-doped was obtained by adding no melamine in the grinding process, and the other steps were the same as above. The porous carbon obtained was named PCs.
S1.3 Preparation of the Pd/C catalysts

The porous carbon (PCs, NPCs, NPCs-PAANa, and NPCs-PSS) supported Pd catalysts were synthesized by absorber-reduction method. In a typical procedure, the porous carbon (100 mg) was added to deionized water (50 ml) on a round flask; after ultrasonication for 30min, a solution of PDDA(0.5ml) was added to the mixture, the mixture was stirred at 35℃ for 24 h. the modified porous carbon was obtained by centrifugation (10000 rmp/min). The modified porous carbon was added to deionized water(50 ml) on a round flask; after ultrasonication for 10 min, a solution of H2PdCl4 (0.5ml, 0.075M) was added to the mixture and stirred at 35℃ for 24 h, After impregnation, a fresh sodium borohydride solution (1ml, 10%wt) was added to the mixture， the mixture was stirred at 35℃ for 5 h to fully reduced H2PdCl4. The solid was obtained by centrifugation (10000 rmp/min) and dried in air at 80℃ overnight. The dried solid was placed in a tube furnace and treated in the air at 250℃ for 120 minutes, followed by H2 reduction at 250℃ for 150 minutes. The sold powder obtained after reduction was named Pd/Y, Y is the type of porous carbon. 
S1.4 Characterization.

Transmission electron microscopy (TEM, Tecnai G2 F20, FEI, USA) was used to examined the catalyst's microscopic morphology, structure, and nanoparticle size. Scanning Electron Microscope (SEM, Nova Nano SEM 450, FEI, USA) was used to examined the catalyst's microscopic morphology, structure, and nanoparticle size. The catalyst phase was detected using an X-ray diffractometer (XRD, D8 Advance, Bruker, Germany). An X-ray photoelectron spectrometer determined the catalyst surface's elemental composition and chemical state (XPS, K-alpha Plus, Thermo Fisher Scientific, USA). Fourier transform infrared spectrometer (FT-IR, Nicolet is 50, Thermo Fisher Scientific, USA) was used to determine the functional group structure of the catalyst. The elemental composition of porous carbon were determined using an Elemental Analyser (EuroEA 3000, Elemental Analyser, Italy ). The catalysts' specific surface area and pore structure were determined using the N2 adsorption/desorption physical adsorption instrument (ASAP2460, Micrometrics, USA). 

S1.5 Catalytic performance evaluation of Pd/C catalysts
The catalytic activity of Pd/C catalyst for the direct synthesis of H2O2 from H2 and O2 was evaluated in a jacketed glass reactor at 0℃ and 0.1MPa for 3h. The total gas flow rate was 16.25 ml/min, including 2.25 ml/min for H2, 4 ml/min for O2, and 10 ml/min for N2. A mixed solution of 160 ml of methanol (CH3OH, 99.5%) and 1.8 ml of concentrated sulfuric acid (H2SO4, 98%) was used as the reaction medium, and the mass of Pd/C catalyst was about 10 mg. H2O2 concentration was measured through iodometric titration, and the content of H2 and O2 in the tail gas after the reaction was measured by GC-9860F gas chromatography.

The H2 conversion, H2O2 selectivity, and H2O2 productivity were calculated using the following equations:
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The hydrogenation/decomposition experiments of the Pd/C catalyst were also evaluated in the above-mentioned jacketed glass reactor. The initial concentration of H2O2 was 1wt%, the hydrogenation experiment needed to pass H2 and N2, and the decomposition experiment only needed to pass N2.
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Fig. S1. Particle size histogram of (a) PCs, (b) NPCs, (c) NPCs-PAANa, (d) NPCs-PSS
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Fig. S2. High-resolution C 1s spectra of the (a) PCs, (b) NPCs, (c) NPCs-PAANa, (d) NPCs-PSS
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Fig. S3. High-resolution O 1s spectra of the (a) PCs, (b) NPCs, (c) NPCs-PAANa, (d) NPCs-PSS
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Fig. S4. High-resolution N 1s spectra of the Pd/C catalysts 
Table S1. 
Percentages of N species in porous carbon and Pd/catalysts

	N species
	Pyridinic N

(~398.0eV)
	Pyrrolic N

(~400.1eV)
	Graphitic N

（~401.4eV）
	Oxidized N

(~403.6eV)
	N

（at%）

	PCs
	-
	-
	-
	-
	-

	NPCs
	12.58
	24.66
	40.20
	22.58
	0.70

	NPCs-PAANa
	9.56
	22.51
	52.04
	22.51
	0.66

	NPCs-PSS
	14.53
	14.94
	54.43
	16.10
	0.78

	Pd/NPCs
	16.58
	33.99
	27.73
	21.70
	0.41

	Pd/NPCs-PAANa
	15.87
	31.10
	31.65
	21.38
	0.38

	Pd/NPCs-PSS
	13.93
	36.08
	36.08
	14.04
	0.52


Table S2. 
Binding energies of Pd, Surface Pd0 and Pd2+percent and the Pd content of the Pd/C catalysts
	Catalysts
	Pd
(wt%)a
	Pd 3d3/2
	Pd 3d5/2
	Pd0

(at%)b
	Pd2+

(at%)b
	Pd0/Pd2+

	
	
	Pd2+
	Pd0
	Pd2+
	Pd0
	
	
	

	Pd/PCs
	4.62
	343.12
	341.09
	337.93
	335.83
	60.48
	39.52
	1.53

	Pd/NPCs
	3.80
	342.82
	341.06
	337.65
	335.80
	67.41
	32.60
	2.07

	Pd/NPCs-PAANa
	4.16
	342.72
	341.06
	337.56
	335.80
	76.92
	23.08
	3.33

	Pd/NPCs-PSS
	4.18
	342.88
	340.98
	337.73
	335.72
	70.16
	29.84
	2.35

	Pd/NPCs-PSS
(after recycling)
	4.17
	343.28
	341.70
	338.73
	336.44
	52.97
	47.03
	1.13


a Derived from ICP-MS.

b Derived from XPS.
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Fig. S5. Pd nanoparticle size of various Pd/C catalysts
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Fig. S6. Model structure of catalysts: (a) top view of Pd/graphite catalyst; (b)side view of Pd/graphene catalyst; (c) top view of Pd/N-graphite catalyst; (d)side view of Pd/N-graphite catalyst; (e) top view of Pd/2N-graphite catalyst; (d)side view of Pd/2N-graphite catalyst; Color key: Pd, dark green; N, blue; C, Brown.
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Fig. S7. Electrostatic potentials of (a) the Pd(111) surface; (b) the graphite surface; (c) the N-graphite surface and (d) the 2N-graphite surface.
Table S3.
Formation energy (EF), O-O bond lenngths (dO-O), adsorption energy (Eads), activation barriers(Ea) , reaction energy (ΔE) of O2 and adsorption energy (Eads) of H2O2 on the Pd/ graphite, Pd/N-graphite  and Pd/2N-graphite surfaces
	Surfaces
	EF (eV)
	dO-O Å 
	O2Eads(eV)
	O2Ea(eV)
	O2ΔE(eV)
	H2O2 Eads(eV)

	Pd/graphite
	-0.19
	1.38
	-0.82
	0.53
	-0.83
	-0.38

	Pd/N-graphite
	-0.81
	1.39
	-0.83
	0.49
	-0.89
	-0.39

	Pd/2N-graphite
	-0.97
	1.38
	-0.86
	0.48
	-0.87
	-0.40


[image: image1.png]N ‘moles of H, reacted
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Fig. S8. The plane-average electron difference (a) the Pd/graphite surface; (b) the Pd/N-graphite surface; (c) the Pd/2N-graphite surface; The electron displacement curve (d) the Pd/graphite surface; (e) the Pd/N-graphite surface; (f) the Pd/2N-graphite surface
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Fig. S9. Differential charge densities of Pd/graphite (a), Pd/N-graphite (b) and Pd/2N-graphite after O2* was adsorbed near the Pd (111) surface. Yellow and cyan isosurfaces (±0.0027 Bohr−3) show the electron gain and electron loss, respectively
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Fig. S10. D-projected density of states(PDOS) of the Pd atoms in Pd/graphite, Pd/N-graphite and Pd/2N-graphite, The Fermi level(EF) has been set to be zero.
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Fig. S11. The D-band center of Pd in various Pd/C catalysts;
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Fig. S12. XRD patterns of porous carbon,
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Fig. S13. FT-IR spectra of porous carbon
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Fig. S14. XRD patterns of Pd/C catalysts range 35°~45°

Table S4.
Performance of Pd/C catalysts in H2O2 direct synthesis from H2 and O2
	Catalysts
	Pd

wt%
	H2O2 selectivity

%
	H2O2 Productivity

molH2O2 kgcat-1h-1
	Refs.

	Pd/NPCs-PSSa1
	4
	71.9
	328.4
	This work

	Pd/S-ACRa2
	2
	87
	42b
	[1]

	Pd/Ca3
	2
	94.5
	89b
	[2]

	1%Pd-5%Ce/ACa4
	1.03
	69
	89
	[3]

	Pd/C#1a5
	1.2
	95.1
	103b
	[4]

	PdAg-40 a6
	0.83
	70.9
	58b
	[5]

	Pd/carbona7
	2.5
	＞98
	160
	[6]

	Pd/XC-72a8
	2.5
	74
	129
	
 ADDIN EN.CITE 
[7]


	Pd/HHDMA/ACa9
	0.6
	80
	50.4b
	[8]

	Pd1.8%873a10
	1.8
	93
	248
	
 ADDIN EN.CITE 
[9]



a1 Reaction conditions: Catalyst (10 mg), 160 ml MeOH, 1.8 ml 98 wt% H2SO4, total flow rate 16.25 ml/min at atmosphere, H2: O2: N2 = 2.25: 4: 10, 100 rpm/min, 0℃, 1 h.

a2 Reaction conditions: Catalyst (20 mg), 50g MeOH/water (80wt MeOH), total flow rate 16.25 ml/min, H2: O2: N2 = 3.8:5.0:91.2,1200 rpm, 275 K, 30 bar, 1 h.

a3 Reaction conditions: Catalyst (20 mg), 25g MeOH/water (80wt MeOH), total flow rate 40 ml/min, H2: O2: N2 = 3.8:5.0:91.2, 1200 rpm, 275 K, 30 bar, 1 h.

a4 Reaction conditions: Catalyst (50 mg), 80 ml H2O, 20 ml ETOH, 1 ml 10 wt% H2SO4,1 ml 0.1 mol/L KBr, total flow rate 60 ml/min at atmosphere, H2: O2: N2 = 9:18:33, 2000 rpm, 25℃, 1 h.

a5 Reaction conditions: catalyst (20 mg), 25g MeOH/water (80wt MeOH), 20ppm NaBr, total gas flow rate 40 mL/min, N2:H2: O2 = 3.8:5.0:91.2, 1200 rpm, 275 K, 30 bar, 0.5 h.

a6 Reaction conditions: catalyst (200 mg), 20ml of a 0.03 M H2SO4 methanolic solution, filled with 5% H2/N2 and 25% O2/N2 to give a H2-to-O2 ratio of 1: 2 at a total pressure of 3 MPa at 2 °C, 15min. 
a7 Reaction conditions: catalyst (10 mg), 2.9 MPa H2 (5% volume fraction)/CO2 1.1 MPa O2 (25% volume fraction)/CO2,2°C, 0.5 hours, methanol/water as solvent, pretreated as indicated for 30 min.

a8 Reaction conditions: catalyst (50 mg), ethanol 50 ml, water 10 ml, HCl concentration 28 mmol/l,

total gas flow rate of 60 ml/min (H2: O2 : N2 = 10 : 40 : 10), 10 1C, and 4 h.

a9 Reaction conditions: catalyst (10 mg), T=273 K, P=40 bar, 3.75 vol%, H2; 7.50 vol% O2; 88.75 vol% N2, 50ml of 67 vol% methanol in water. 30min;

a10 Reaction conditions: catalyst amount 0.28 g mL−1, H2SO4:CH3OH = 0.001 (vol); O2: H2: CO2 = 63:9:28 (vol%); total pressure 3 MPa; room temperature, 20min;
b The values of productivity from the selected publications were converted to molH2O2 kgcat-1h-1 for a convenient comparison of the results in this work with literature data

Table S5.
Detailed structural information of Pd/graphite heteroatoms
	atom
	X
	Y
	Z

	C
	-0.035
	-0.02
	3.202

	C
	2.44
	-0.02
	3.202

	C
	4.915
	-0.02
	3.202

	C
	7.39
	-0.02
	3.202

	C
	1.203
	0.694
	3.202

	C
	3.678
	0.694
	3.202

	C
	6.153
	0.694
	3.202

	C
	8.628
	0.694
	3.202

	C
	1.203
	2.123
	3.202

	C
	3.678
	2.123
	3.202

	C
	6.153
	2.123
	3.202

	C
	8.628
	2.123
	3.202

	C
	2.44
	2.838
	3.202

	C
	4.915
	2.838
	3.202

	C
	7.39
	2.838
	3.202

	C
	9.865
	2.838
	3.202

	C
	2.44
	4.267
	3.202

	C
	4.915
	4.267
	3.202

	C
	7.39
	4.267
	3.202

	C
	9.865
	4.267
	3.202

	C
	3.678
	4.981
	3.202

	C
	6.153
	4.981
	3.202

	C
	8.628
	4.981
	3.202

	C
	11.102
	4.981
	3.202

	C
	3.678
	6.41
	3.202

	C
	6.153
	6.41
	3.202

	C
	8.628
	6.41
	3.202

	C
	11.102
	6.41
	3.202

	C
	4.915
	7.124
	3.202

	C
	7.39
	7.125
	3.202

	C
	9.865
	7.125
	3.202

	C
	12.34
	7.125
	3.202

	C
	-0.035
	-0.02
	7.378

	C
	2.44
	-0.02
	7.378

	C
	4.915
	-0.02
	7.378

	C
	7.39
	-0.02
	7.378

	C
	2.44
	1.409
	7.378

	C
	4.915
	1.409
	7.378

	C
	7.39
	1.409
	7.378

	C
	9.865
	1.409
	7.378

	C
	1.203
	2.123
	7.378

	C
	3.678
	2.123
	7.378

	C
	6.153
	2.123
	7.378

	C
	8.628
	2.123
	7.378

	C
	3.678
	3.552
	7.378

	C
	6.153
	3.552
	7.378

	C
	8.628
	3.552
	7.378

	C
	11.102
	3.552
	7.378

	C
	2.44
	4.267
	7.378

	C
	4.915
	4.267
	7.378

	C
	7.39
	4.267
	7.378

	C
	9.865
	4.267
	7.378

	C
	4.915
	5.696
	7.378

	C
	7.39
	5.696
	7.378

	C
	9.865
	5.696
	7.378

	C
	12.34
	5.696
	7.378

	C
	3.678
	6.41
	7.378

	C
	6.153
	6.41
	7.378

	C
	8.628
	6.41
	7.378

	C
	11.102
	6.41
	7.378

	C
	6.153
	7.839
	7.378

	C
	8.628
	7.839
	7.378

	C
	11.102
	7.839
	7.378

	C
	13.577
	7.839
	7.378

	C
	-0.035
	-0.02
	11.326

	C
	2.44
	-0.02
	11.326

	C
	4.915
	-0.02
	11.326

	C
	7.39
	-0.02
	11.326

	C
	1.203
	0.694
	11.326

	C
	3.678
	0.694
	11.326

	C
	6.153
	0.694
	11.326

	C
	8.628
	0.694
	11.326

	C
	1.203
	2.123
	11.326

	C
	3.678
	2.123
	11.326

	C
	6.153
	2.123
	11.326

	C
	8.628
	2.123
	11.326

	C
	2.44
	2.838
	11.326

	C
	4.915
	2.838
	11.326

	C
	7.39
	2.838
	11.326

	C
	9.865
	2.838
	11.326

	C
	2.44
	4.267
	11.326

	C
	4.915
	4.267
	11.326

	C
	7.39
	4.267
	11.326

	C
	9.865
	4.267
	11.326

	C
	3.678
	4.981
	11.326

	C
	6.153
	4.981
	11.326

	C
	8.628
	4.981
	11.326

	C
	11.102
	4.981
	11.326

	C
	3.678
	6.41
	11.326

	C
	6.153
	6.41
	11.326

	C
	8.628
	6.41
	11.326

	C
	11.102
	6.41
	11.326

	C
	4.915
	7.124
	11.326

	C
	7.39
	7.125
	11.326

	C
	9.865
	7.125
	11.326

	C
	12.34
	7.125
	11.326

	C
	9.865
	5.696
	15.16

	C
	9.865
	4.267
	15.162

	C
	8.628
	6.41
	15.162

	C
	11.102
	6.41
	15.162

	C
	8.628
	3.553
	15.166

	C
	11.102
	3.553
	15.166

	C
	7.39
	5.696
	15.166

	C
	12.34
	5.696
	15.166

	C
	8.628
	7.839
	15.166

	C
	11.103
	7.839
	15.166

	C
	4.915
	-0.02
	15.167

	C
	2.44
	4.267
	15.167

	C
	7.39
	4.267
	15.167

	C
	2.44
	-0.02
	15.17

	C
	7.39
	-0.02
	15.17

	C
	1.203
	2.124
	15.17

	C
	8.628
	2.124
	15.17

	C
	3.678
	6.41
	15.17

	C
	6.153
	6.41
	15.17

	C
	9.865
	1.409
	15.171

	C
	6.153
	7.839
	15.171

	C
	13.577
	7.839
	15.171

	C
	2.44
	1.409
	15.172

	C
	4.915
	1.409
	15.172

	C
	7.39
	1.409
	15.172

	C
	3.678
	2.123
	15.172

	C
	6.153
	2.123
	15.172

	C
	3.678
	3.552
	15.172

	C
	6.153
	3.552
	15.172

	C
	4.915
	4.267
	15.172

	C
	4.915
	5.696
	15.172

	C
	-0.035
	-0.02
	15.174

	Pd
	-0.035
	-0.02
	18.757

	Pd
	2.631
	0.639
	18.76

	Pd
	5.297
	1.299
	18.76

	Pd
	7.961
	1.959
	18.76

	Pd
	3.391
	3.277
	18.76

	Pd
	6.057
	3.938
	18.76

	Pd
	4.153
	5.915
	18.76

	Pd
	10.625
	2.618
	18.763

	Pd
	6.819
	6.576
	18.763

	Pd
	12.15
	7.893
	18.763

	Pd
	8.722
	4.598
	18.768

	Pd
	11.387
	5.255
	18.768

	Pd
	9.485
	7.234
	18.768

	Pd
	3.773
	1.738
	21.021

	Pd
	6.439
	2.399
	21.021

	Pd
	4.534
	4.377
	21.021

	Pd
	8.343
	0.42
	21.022

	Pd
	1.108
	1.078
	21.022

	Pd
	5.295
	7.015
	21.022

	Pd
	9.104
	3.057
	21.025

	Pd
	11.769
	3.716
	21.025

	Pd
	7.199
	5.036
	21.025

	Pd
	12.53
	6.356
	21.025

	Pd
	7.96
	7.674
	21.025

	Pd
	10.627
	8.334
	21.025

	Pd
	9.865
	5.696
	21.030
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Fig. S15 Recycle runs of the direct synthesis of H2O2 over Pd/NPCs-PSS
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Fig. S16. High-resolution Pd 3d spectra of  Pd/NPCs-PSS after reused two times
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Fig. S17. XRD patterns of Pd/NPCs-PSS after reused two times
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