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408 406 404 402 400 398 396

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

π excitation

N-(C)3

C-N=C

296 294 292 290 288 286 284 282 280

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

N-C=N

C-N=C

C1SN1S



346 344 342 340 338 336 334 332 330

In
te

n
s

it
y

 (
a
.u

.)

Binding Energy (eV)

 

PdO/C
3
N

4
336.8

PdO (3d5/2)

PdO (3d
3/2

)

10 20 30 40 50 60 70 80

PdO (101)

PdO (101)

5wt% PdO/ZrO2

5wt% PdO/AC

In
te

n
s

it
y

 (
a

.u
.)

2 theta (o)



0 5 10 15 20 25 30 35
0

6

12

18

24

30

N
u

m
b

e
r

Average size = 7.31nm

Particel size (nm)

C N Pd

D

C N Pd Zr

B

A



0.0 0.2 0.4 0.6 0.8 1.0
0

100

200
Q

u
a

n
ti

ty
 A

d
s

o
rb

e
d

 (
c
m

3
/g

 S
T

P
)

Relative Pressure (P/P0)

 PdO/C3N4

 PdO/Zr-C3N4

0 3 6 9 12 15 18
0.000

0.002

0.004

0.006

0.008

0.010

 PdO/C3N4

 PdO/Zr-C3N4

d
V

/d
D

Pore Diameter (nm)

20 30 40 50 60

In
te

n
s

it
y

2 Theta (o)

 Pd NPs-C3N4 after reaction

 Pd NPs-Zr-C3N4after reaction

PdO

20 30 40 50 60

In
te

n
s

it
y

2 Theta (o)

 Pd NPs-C3N4 before reaction

 Pd NPs-Zr-C3N4before reaction

PdO



0

20

40

60

80

100

PdO NPs/Zr-C3N4

C
o

n
v
e
rs

io
n

 a
n

d
 Y

ie
ld

 (
%

)

PdO NPs/C3N4



1 wt% PdO 2 wt% PdO 5 wt% PdO 10 wt% PdO
0

20

40

60

80

100

120
   8H-MID        MID                12H-NECZ    

   NECZ    ii     12H-NPCZ     NPCZ 

C
o

n
v
e
rs

io
n

 a
n

d
 Y

ie
ld

 (
%

)



0 2 6 12
0

20

40

60

80

100

120

C
o

n
v

e
rs

io
n

 a
n

d
 Y

ie
ld

 (
%

)

Oxidation Time (h)

   8H-MID        MID                12H-NECZ    

   NECZ           12H-NPCZ     NPCZ 

348 345 342 339 336 333 330

In
te

n
s

it
y

 (
a

.u
.)

Binding Energy (eV)

 

336.8

PdO (3d5/2)

334.7

Pd (3d5/2)

Pd/PdO=1.8



10:1 10:3 10:5
0

20

40

60

80

100

120
   8H-MID        MID                12H-NECZ    

   NECZ           12H-NPCZ     NPCZ 

C
o

n
v

e
rs

io
n

 a
n

d
 Y

ie
ld

 (
%

)

Mass ratio of reactant/catalyst 

345 342 339 336 333 330

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

334.7

Pd (3d5/2)

336.2

PdO (3d5/2)



0 1 2 3 4 5 6 7 8 9
0

20

40

60

80

100

120

%

Reaction Time (h)

 Conversion of HR-LOHCs

 Yield of completely dehydrogenated products 





1. Lin, W.; Yao, S.; Chen, H.; Li, S.; Xia, Y.; Yao, Y.; Li, J.; Cheng, D.; Fu, J., A new trick on an old 

support: Zr in situ defects-created carbon nitride for efficient electrochemical nitrogen fixation. J. Energy 

Chem. 2021, 53, 109-115. 

2. Mazumder, V.; Sun, S., Oleylamine-mediated synthesis of Pd nanoparticles for catalytic formic acid 

oxidation. J.Am. Chem. Soc. 2009, 131 (13), 4588-4589. 

3. Wang, B.; Chang, T.-y.; Jiang, Z.; Wei, J.-j.; Fang, T., Component controlled synthesis of bimetallic 

PdCu nanoparticles supported on reduced graphene oxide for dehydrogenation of dodecahydro-N-

ethylcarbazole. Appl. Catal. B: Environ. 2019, 251, 261-272. 

4. Dong, Y.; Yang, M.; Mei, P.; Li, C.; Li, L., Dehydrogenation kinetics study of perhydro-N-

ethylcarbazole over a supported Pd catalyst for hydrogen storage application. Int. J. Hydrogen. Energy 

2016, 41 (20), 8498-8505. 

5. Eblagon, K. M.; Tam, K.; Yu, K.; Tsang, S., Comparative study of catalytic hydrogenation of 9-

ethylcarbazole for hydrogen storage over noble metal surfaces. J. Phys. Chem. C 2012, 116 (13), 7421-

7429. 

6. Eblagon, K. M.; Tam, K.; Tsang, S. C. E., Comparison of catalytic performance of supported 

ruthenium and rhodium for hydrogenation of 9-ethylcarbazole for hydrogen storage applications. Energy 

Environ. Sci. 2012, 5 (9), 8621-8630. 

7. Dong, Y.; Yang, M.; Yang, Z.; Ke, H.; Cheng, H., Catalytic hydrogenation and dehydrogenation of 

N-ethylindole as a new heteroaromatic liquid organic hydrogen carrier. Int. J. Hydrogen. Energy 2015, 



40 (34), 10918-10922. 

8. Yang, M.; Dong, Y.; Fei, S.; Pan, Q.; Ni, G.; Han, C.; Ke, H.; Fang, Q.; Cheng, H., Hydrogenation 

of N-propylcarbazole over supported ruthenium as a new prototype of liquid organic hydrogen carriers 

(LOHC). RSC Adv. 2013, 3 (47), 24877-24881. 

9. Sotoodeh, F.; Smith, K. J., Kinetics of hydrogen uptake and release from heteroaromatic compounds 

for hydrogen storage. Ind. Eng. Chem. Res. 2010, 49 (3), 1018-1026. 

10. Yang, M.; Dong, Y.; Fei, S.; Ke, H.; Cheng, H., A comparative study of catalytic dehydrogenation 

of perhydro-N-ethylcarbazole over noble metal catalysts. Int. J. Hydrogen. Energy 2014, 39 (33), 18976-

18983. 

11. Peters, W.; Eypasch, M.; Frank, T.; Schwerdtfeger, J.; Körner, C.; Bösmann, A.; Wasserscheid, P., 

Efficient hydrogen release from perhydro-N-ethylcarbazole using catalyst-coated metallic structures 

produced by selective electron beam melting. Energy Environ. Sci. 2015, 8 (2), 641-649. 

12. Zhu, T.; Yang, M.; Chen, X.; Dong, Y.; Zhang, Z.; Cheng, H., A highly active bifunctional Ru–Pd 

catalyst for hydrogenation and dehydrogenation of liquid organic hydrogen carriers. J. Catal. 2019, 378, 

382-391. 

13. Tarasov, A. L.; Tkachenko, O. P.; Kustov, L. M., Mono and Bimetallic Pt–(M)/Al 2 O 3 Catalysts 

for Dehydrogenation of Perhydro-N-ethylcarbazole as the Second Stage of Hydrogen Storage. Catal. 

Lett. 2018, 148 (5), 1472-1477. 

14. Peters, W.; Seidel, A.; Herzog, S.; Bösmann, A.; Schwieger, W.; Wasserscheid, P., Macrokinetic 

effects in perhydro-N-ethylcarbazole dehydrogenation and H 2 productivity optimization by using egg-

shell catalysts. Energy Environ. Sci. 2015, 8 (10), 3013-3021. 

15. Kustov, L.; Tarasov, A.; Kirichenko, O., Microwave-activated dehydrogenation of perhydro-N-

ethylcarbazol over bimetallic Pd-M/TiO2 catalysts as the second stage of hydrogen storage in liquid 

substrates. Int. J. Hydrogen. Energy 2017, 42 (43), 26723-26729. 

16. Jiang, Z.; Gong, X.; Wang, B.; Wu, Z.; Fang, T., A experimental study on the dehydrogenation 

performance of dodecahydro-N-ethylcarbazole on M/TiO2 catalysts. Int. J. Hydrogen. Energy 2019, 44 

(5), 2951-2959. 

17. Gong, X.; Jiang, Z.; Fang, T., Enhancing selectivity and reducing cost for dehydrogenation of 

dodecahydro-N-ethylcarbazole by supporting platinum on titanium dioxide. Int. J. Hydrogen. Energy 

2020, 45 (11), 6838-6847. 

18. Wang, B.; Chang, T.-y.; Gong, X.; Jiang, Z.; Yang, S.; Chen, Y.-s.; Fang, T., One-pot synthesis of 

Au/Pd core/shell nanoparticles supported on reduced graphene oxide with enhanced dehydrogenation 

performance for dodecahydro-N-ethylcarbazole. ACS Sustainable Chem. Eng. 2018, 7 (1), 1760-1768. 

19. Wang, B.; Yan, T.; Chang, T.; Wei, J.; Zhou, Q.; Yang, S.; Fang, T., Palladium supported on reduced 

graphene oxide as a high-performance catalyst for the dehydrogenation of dodecahydro-N-

ethylcarbazole. Carbon 2017, 122, 9-18. 

20. Zhu, M.; Xu, L.; Du, L.; An, Y.; Wan, C., Palladium supported on carbon nanotubes as a high-

performance catalyst for the dehydrogenation of dodecahydro-N-ethylcarbazole. Catalysts 2018, 8 (12), 

638. 

21. Jiang, Z.; Guo, S.; Fang, T., Enhancing the Catalytic Activity and Selectivity of PdAu/SiO2 

Bimetallic Catalysts for Dodecahydro-N-ethylcarbazole Dehydrogenation by Controlling the Particle 

Size and Dispersion. ACS Applied Energy Materials 2019, 2 (10), 7233-7243. 

22. Wu, Y.; Guo, Y.; Yu, H.; Jiang, X.; Zhang, Y.; Qi, Y.; Fu, K.; Xie, L.; Li, G.; Zheng, J., 

Nonstoichiometric Yttrium Hydride–Promoted Reversible Hydrogen Storage in a Liquid Organic 



Hydrogen Carrier. CCS Chem. 2020, 974-984. 

23. Yang, M.; Cheng, G.; Xie, D.; Zhu, T.; Dong, Y.; Ke, H.; Cheng, H., Study of hydrogenation and 

dehydrogenation of 1-methylindole for reversible onboard hydrogen storage application. Int. J. Hydrogen. 

Energy 2018, 43 (18), 8868-8876. 


