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a b s t r a c t 

The involvement of carbon nanohorn (CNH) in molybdenum sulfide (MoS 2 ) and polydopamine 

(PDA)/palladium nanoparticles (Pd NPs) was studied for the hydrogen evolution reaction (HER) efficiency. 

In this research, the in-situ hydrothermal and PDA-assisted chemical reaction routes were adopted to 

synthesize MoS 2 /CNH and PDA-Pd/CNH nanocomposites. The electrochemical studies confirmed the HER 

activity of PDA-Pd/CNH-modified electrode superior to that of MoS 2 /CNH-modified electrode. The coating 

thickness of PDA was optimized towards high HER efficiency. The enhancement of HER cathodic current 

density was due to the strong interaction between CNH and Pd NPs. The thin coating by PDA on Pd/CNH 

nanocomposites maintained the excellent stability and the durability during the HER. Thus, CNH is one 

of the hopeful carbon materials to enhance the cathodic current density for HER. 

© 2019 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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1. Introduction 

Strategy of eco-friendly energy resource will maintain the

green-world aspect forever. Accordingly, using hydrogen as green

energy has major influence on the environment and human health

in the world and opens up an additional advancement in new en-

ergy world [1,2] . Hence, the existing keen challenge is the hydro-

gen production via electrochemical water splitting instead of steam

reforming process to avoid the CO 2 emission [3] . As a result, the

different types of electrocatalysts have been used in water split-

ting for hydrogen evolution [4,5] . The catalyst consisting of plat-

inum (Pt) is widely known to be a primary material to produce

hydrogen at zero overpotential with rapid kinetics [6] . Nonetheless,

such noble metal-based catalyst is hitherto known to be unfavor-

able owing to its costly price [7] . Hence, the motivation of leading

researches is to replace Pt-based catalyst for the hydrogen evolu-

tion reaction (HER) [8] . 

On the other hand, carbon-based materials are valid to

progress the catalytic activity of component due to their large

surface area, stability and durability [9–11] . In particular, they have
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itherto been exploited in many applications such as biomedicine

12–14] , energy storage and conversion [15–17] , biosensor

18,19] and electrocatalysis [20,21] . Currently, graphene [22] and

arbon nanotube (CNT) [23] have great attention as the most

fficient support material in the field of HER [24] owing to their

xcellent durability. In the place of graphene and CNT, the use

f other carbon material like carbon nanohorn (CNH) is also

oteworthy to evaluate the HER efficiency. 

The CNH is the carbon material with horn-shaped units con-

isting of the sp 

2 -bonded carbon atoms [25] . In general, the

NH has been considered as an alternative attractive material to

raphene and CNT due to its excellent unique properties such as

ide surface area, effective electric conductivity, large pore volume

nd distinguished thermal stability [26,27] . Moreover, the internal

anospaces of CNH, which increase the surface to allow the ac-

ive deposition of small molecules and ions, make CNH to act as

 conducting support [26] . Thus, CNH-based nanocomposites have

eceived great attention in multiple applications including electro-

hemical sensors [28] , electrochemical immunosensors [29] , oxy-

en reduction reaction [30] and fuel cells [26] . Our recent reports

n CNH indicate that CNH has shown potential for use in energy

torage applications [6,31] . Evidently, it is not a surprise that an

lectrocatalyst of CNH composite including 1 wt% Pt exhibited the

xcellent electrocatalytic activity towards HER [6] . 
ights reserved. 

https://doi.org/10.1016/j.jtice.2019.05.014
http://www.ScienceDirect.com
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtice.2019.05.014&domain=pdf
mailto:imae@mail.ntust.edu.tw
https://doi.org/10.1016/j.jtice.2019.05.014


B. Devadas, C.C. Chang and T. Imae / Journal of the Taiwan Institute of Chemical Engineers 102 (2019) 378–386 379 

 

h  

[  

t  

c  

t  

e  

H  

I  

e  

i  

a  

a  

b  

k

a  

c

 

c  

I  

P  

o  

h  

H  

d

2

2

 

t  

s  

(  

f  

r  

c  

b

2

P

 

i

(  

a  

t  

a  

T

 

m  

3  

C  

s  

a  

l  

w  

d  

s

 

a  

5  

a  

d  

l  

d  

a  

(  

t  

a  

T  

t  

t  

P  

s

2

 

a  

i  

e  

e  

e  

A  

b  

p  

(  

w  

u  

f  

t  

2  

l  

s  

M

3

3

o  

M  

t  

d  

c  

e

a

 

i  

m  

H

s  

t  

a  

o  

h  

r  

m  

t  

o  

(  

n  

s  

p  

t  

a  

o

On the other hand, molybdenum sulfide (MoS 2 ) is a kind of

eterogeneous catalysts and may raise Pt-like activity toward HER

32,33] . Though bulk MoS 2 displayed a poor activity to HER [34,35] ,

heir sulfur edge sites have extremely encouraged the HER effi-

iency [36] . Nonetheless, combining carbon and MoS 2 in a con-

rolled manner, the functionality of the MoS 2 can be considerably

nhanced [37] . Evidently, there are a few literatures for enhanced

ER electrocatalytic acidity using MoS 2 /carbon composites [38,39] .

n addition, the noble metal nanoparticles possess high purity and

lectrochemical activities. Among them, palladium (Pd) is often of

nterest due to its catalytic activities in electrochemical reaction

nd its cheaper price than Pt [40] . Moreover, the electrocatalytic

ctivity of Pd nanoparticles (Pd NPs) was considerably enhanced

y the support of carbon material such as graphene [41] . To the

nowledge, there is no report using CNH on composites of MoS 2 
nd Pd NPs towards HER. Therefore, in this work, the HER effi-

iency of CNH on both MoS 2 and Pd NPs has been investigated. 

In this investigation, the sulphur-enriched MoS 2 and MoS 2 /CNH

omposite were synthesised via the in-situ hydrothermal route.

n addition, PDA-stabilized composite of CNH with Pd NPs (PDA-

d/CNH) was synthesised through the chemical route. The amount

f PDA was controlled towards the high HER efficiency. The en-

ancement was evaluated by the cathodic current density of the

ER. Thus, the efficiency of CNH to enhance the HER activity was

iscussed and compared between two composites. 

. Experimental section 

.1. Materials 

Dopamine hydrochloride (DA, 99%) and ammonium molybdate

etrahydrate ((NH 4 ) 6 Mo 7 O 24 ·4H 2 O) were obtained from Alfa Ae-

ar, England. Palladium(II) chloride (PdCl 2 ) (59%), thioacetamide

C 2 H 5 NS) and sodium borohydride (NaBH 4 ) (98%) were purchased

rom Acros organics, Belgium. CNH was obtained from NEC Corpo-

ation, Japan. Other chemicals were the commercial grade and all

hemicals were used as received. Aqueous solutions were prepared

y using distilled water. 

.2. Synthesis of acid-treated CNH, MoS 2 /CNH, PDA-Pd(0) and 

DA-Pd/CNH 

For the acidification of CNH, the pristine CNH was oxidized us-

ng acid treatment. Pristine CNH (50 mg) was mixed with HNO 3 

30 ml) under the constant stirring, and the mixture was refluxed

t 100 °C for 60 min. Then the mixture was cooled down to room

emperature, filtered using a membrane filter paper (PTFE, 0.2 μm)

nd washed with water until the filtrate solution become neutral.

hen the acid-treated CNH was dried at 50 °C for overnight. 

The synthesis of MoS 2 /CNH was performed by dissolving am-

onium molybdate (1 mM, 10 ml) and thioacetamide (2, 5, 10,

0 and 40 mM, 10 ml) in an aqueous dispersion of acid-treated

NH (0.5 mg/ml, 10 ml) under vigorous stirring. Then, the disper-

ion was transferred into a Teflon-lined stainless-steel autoclave

nd maintained at 180 °C. After 15 h, the reaction system was al-

owed to cool down to room temperature. The product (MoS 2 /CNH)

as washed with water and absolute ethanol for several times and

ried at 60 °C under vacuum. The MoS 2 without CNH was synthe-

ized using similar procedure. 

PdCl 2 (1 mg) was dissolved in 1 M HCl solution (200 μl) and

dded to aqueous solutions containing DA (0.2, 0.5 and 1.0 mg/ml,

 ml). The yellow solution was allowed to stir 5 min and pH was

djusted from 2 to around pH 8 to 9. The yellow solution became

ark brown, indicating the polymerization reaction of DA. The so-

ution was stirred for 12 h and NaBH 4 (4 mg) was added. Then the

eep brown solution became black. This reduction reaction was
llowed for 15 min to obtain the polydopamine-stabilized Pd NPs

PDA-Pd(0)). The product was centrifuged and washed with wa-

er several times. For the synthesis of PDA-Pd/CNH composite, the

cid-treated CNH was mixed with PdCl 2 and sonicated for 30 min.

hen the dopamine solution (0.2 mg/ml, 5 ml) was introduced to

his dispersion of CNH and PdCl 2 . The further step was same as

he synthesis procedure of PDA-Pd(0). Finally, the obtained PDA-

d(0) and PDA-Pd/CNH composites were re-dispersed in water by

onicating for 1 h. These dispersions were used as electrocatalysts. 

.3. Electrochemical experiments 

The electrochemical HER measurements were carried out on

 electrochemical workstation (model HZ-30 0 0 automatic polar-

zation system, Hokuto Denco, Japan) using a conventional three

lectrode work station: A well-polished glassy carbon working

lectrode (GCE) (Anatech Co., Ltd, Taiwan), an Ag|AgCl reference

lectrode and a platinum wire counter electrode were employed.

ccordingly, the electrochemical HER in this cell was monitored

y the linear sweep voltammetry (LSV) and the HER-occurring

otential was converted to the reversible hydrogen electrode

RHE) potential. A dispersion (5 μl) of synthesized electrocatalysts,

hich were beforehand well dispersed in water by means of

ltra-sonication (Bransonic Ultrasonics Model B1210J-DTH, Japan)

or 15 min, was drop-casted on a GCE surface and dried at room

emperature. Subsequently, an ethanol solution of Nafion (0.5 vol%,

 μl) was dried on the electrode surface to immobilize electrocata-

ysts on the electrode. While the measuring of HER, the electrolyte

olutions were maintained at the stirring condition, since the

oS 2 /CNH electrodes generated hydrogen bubbles. 

. Results and discussion 

.1. Contribution of CNH on MoS 2 

In-situ hydrothermal method was applied to synthesize MoS 2 
n CNH surface. Fig. 1 A(a) shows the TEM image of as-synthesized

oS 2 , which confirmed the ultrathin sheet or the flake-like struc-

ure. The morphology of synthesized MoS 2 /CNH in Fig. 1 A(b)

isplayed also sheet or flake which was derived from MoS 2 and

oexisted with globular CNH. The fact that the MoS 2 does not

ncapsulate the CNH indicates the weak interaction between MoS 2 
nd CNH. 

The electrochemical HER behavior of MoS 2 was investigated us-

ng LSV in an acidic condition. Here the molar ratio of ammonium

olybdate and thioacetamide was kept at 1:10. For monitoring the

ER efficiency, rich sulfur atoms produce more active sites in MoS 2 
heet and may result in the enhanced HER activity [42] . The pris-

ine MoS 2 produced hydrogen at the onset potential of 185 mV

nd reached the current density of 10 mA/cm 

2 at the overpotential

f 286 mV ( Fig. 1 B). In this connection, the MoS 2 /CNH generated

ydrogen at the onset potential of 165 mV and attained the cur-

ent density of 10 mA/cm 

2 at 246 mV ( Fig. 1 B). Hence, it should be

entioned that the coexistence of CNH minimized about 20 mV of

he HER onset potential and enhanced the current density. More-

ver, the Tafel slope values for MoS 2 (92 mV dec −1 ) and MoS 2 /CNH

86 mV dec −1 ) ( Fig. 1 C) depend on the HER kinetics and mecha-

ism. This result reveals that the HER activity of MoS 2 is enhanced

lightly due to the CNH. However, compared to the previous re-

orts used MoS 2 -carbon composite [36,37] , the HER efficiency in

he present work is too low. Therefore, the composite of CNH with

nother metal nanoparticle was selected to improve the efficiency

f metal nanoparticle. 
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Fig. 1. A) TEM images, B) electrochemical HER polarization curve in 0.5 M H 2 SO 4 
electrolyte solution and C) Tafel plots for a) MoS 2 and b) MoS 2 /CNH. 

Table 1 

FT-IR absorption bands (in cm 

−1 ) and their assignments of CNH, PDA and PDA- 

Pd/CNH. 

Assignment Acid-treated CNH PDA ∗ PDA-Pd/CNH 

υOH 3490 – 3475 

υN 

–H 3379 

υC = O 1726 – 1710 

υC = C 1586 1627 1580 

υC = N – 1512 1506 

υC –O 1225 – 1205 

∗ Data from Luo et al. [45] . 
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.2. Contribution of CNH on PDA encapsulated Pd NPs 

When DA was mixed with PdCl 2 dissolved in acidic solution,

he Pd ions form DA-PdCl 2 complex with DA. The oxidation and

elf-polymerization process of DA-PdCl 2 complex were occurred at

asic condition ( > 8). It is worth noting that while DA was oxi-

ized into dopamine- quinone under the basic condition, the two-

lectrons transfer reaction happened, the released electrons could

educe the Pd ions to Pd metals and, at the same time, DA became

DA within 4–5 h [43] . Finally, the reduced metal particles were

ompletely encapsulated in PDA domains. 

On the other hand, the synthesis of PDA-Pd/CNH composite was

nitiated by mixing of CNH with PdCl 2 and, then DA was added for

olymerization on PdCl 2 –CNH. Here, PDA encapsulated the CNH-

d ion complex and reduced Pd ions to Pd(0). However, the ad-

ition of NaBH 4 completed the reduction of any non-reduced Pd

ons. The TEM images of PDA-Pd, PDA-Pd(0) and PDA-Pd/CNH are

isplayed in Fig. 2 . Pd NPs reduced by PDA were completely en-

apsulated within PDA, and their particle size was less than 5 nm

 Fig. 2 A). The morphology of PDA-Pd(0) was different from PDA-

d, which was taken before the addition of NaBH 4 . The cubic-like

DA-Pd(0) was formed by reducing PDA-Pd ion with NaBH 4. Each

ubic Pd(0)NPs were separately encapsulated by PDA ( Fig. 2 B). As

een in Fig. 2 C, the Pd NPs were well anchored on CNH, distributed

ithout aggregation and coated by PDA. The average size of Pd NPs

as found around 3.5 ± 0.5 nm using TEM particle size analyzer.

his result reveals that the PDA on CNH plays a role as a protector

f Pd NPs from aggregation as well as a size controller. The PDA

ompletely covered the Pd/CNH with keeping the spherical shape

f CNH, when the content of DA was high (1 mg/ml) ( Fig. 2 D). 

The complexation of PDA and Pd NPs was confirmed by the

V-visible absorption spectroscopic study. In Fig. 3 A and B, the

bsorption bands of DA at 204, 225 and 280 nm reflected π-
∗ transition of aromatic ring [44] , while Pd(II) ion displayed the

ands at 222 and 280 nm, characteristic to Pd ion at acidic solution

45] . Then, the broad band at 434 nm was assigned to d-d transi-

ion of Pd ion in the acidic solution [42,46] . Then, the absorption

ands of DA-PdCl 2 mixture at 215, 280 and 434 nm (around pH 1.5,

 min reaction time) indicated the coexistence of DA and Pd ions

n the solution. It is worth noting that, upon addition of NaBH 4 ,

he disappearance of absorption bands of both DA and Pd(II) ion

nd the appearance of a weak absorption band at 280 nm indicated

he polymerization of DA and the reduction of Pd ion on CNH. 

An existence of PDA in PDA-Pd/CNH was further confirmed by

T-IR spectroscopy in Fig. 3 C, and wavenumber and assignment of

R bands were listed in Table 1 . The characteristic bands of CNH

ppeared at 3490, 1726, 1586 and 1225 cm 

−1 corresponding to OH,

 

= O, C 

= C and C 

–O stretching vibration modes, respectively. Based

n the earlier report [47] , the PDA exhibited three bands at 3379,

627 and 1512 cm 

−1 assigned to N 

–H, C 

= C and C 

= N stretching

odes, respectively. Meanwhile, the FT-IR bands of PDA-Pd/CNH

ossessed one additional shoulder band at 1506 cm 

−1 from PDA
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Fig. 2. TEM images of A) PDA (0.2 mg/ml) encapsulated Pd NPs, B) PDA-Pd(0) 

(0.2 mg/ml), C) PDA (0.2 mg/ml) coated Pd/CNH and D) PDA (1 mg/ml) coated 

Pd/CNH. 
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Fig. 3. A) & B) UV-vis absorption spectra of a) PdCl 2 , b) DA, c) DA-PdCl 2 and d) 

PDA-Pd/CNH. C) FT-IR absorption spectra of PDA-Pd/CNH and CNH. 

b  
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a
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c

 

w  
esides characteristic absorption bands of CNH, indicating the co-

xistence of PDA and CNH. 

Further, the existence of Pd NPs was confirmed based on XRD

atterns and XPS analyses. The XRD patterns of CNH, PDA-Pd(0)

nd PDA-Pd/CNH are displayed in Fig. 4 A. The XRD pattern of

NH showed a peak at 2 Ɵ value of 26 °, which corresponds to the

raphitic (002) plane of SWCNH. The broad peak between 25 and

0 ° for PDA-Pd(0) indicates the amorphous structure or the small

ize of PDA. Besides, another peak at 40 ° corresponds to a (111)

lane of Pd NPs fcc crystal. Owing to the PDA encapsulation, weak

eaks of Pd(0) were appeared in the PDA-Pd(0). However, the PDA-

d/CNH composite exhibited one intense peak at 33 °, which could
e due to the substrate used for XRD measurement. A broad peak

t 25–30 ° is indicating the existence of amorphous or small PDA in

he PDA-Pd/CNH. Besides, the peaks at 34 and 57 ° represent (002)

nd (112) planes of PdO, respectively [4 8,4 9] , and a peak at 4 8 °
orresponds to a (200) plane of Pd NPs. These results indicate the

oexistence of Pd(0) and PdO in the PDA-Pd/CNH. 

The existence of elements in the composite of PDA-Pd/CNH

as confirmed from XPS analysis ( Fig. 4 B) and the deconvoluted
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Fig. 4. A) XRD patterns of a) CNH, b) PDA-Pd(0) and c) PDA-Pd/CNH, B) XPS chart of PDA-Pd/CNH, C) C 1s, D) N 1s, E) O 1s and F) Pd 3d peaks of XPS chart. 
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spectra ( Fig. 4 C–F). The XPS displayed C1s, N1s, O1s and Pd3d

peaks of PDA-Pd/CNH. Fig. C–F indicates high resolution spectra of

individual elements in the PDA-Pd/CNH. The peaks were assigned

to corresponding functional groups as inserted in Fig. C–F. The de-

convoluted C1s peak represents the presence of C 

–N, C 

–O and C 

–C
roups in the PDA-Pd/CNH. The N1s peak at 400.4 eV is assigned

o R-NH-R group of PDA. The peak at 532.9 eV indicates that OH

roup is present in the as-synthesized composite. The additional

eak of O1s at 536.5 eV is likely due to the adsorption of water

olecule in the composite. A pair of peaks at 336.7 and 342.0 eV
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Fig. 5. Electrochemical HER polarization curves in a 0.5M H 2 SO 4 electrolyte solu- 

tion A) at various electrodes of a) Pt/C, b) PDA-PD/CNH, c) PDA-Pd(0), d) PDA-Pd 

ion and e) CNH, B) at different amounts (0.2, 0.5 and 1.0 mg) of PDA-Pd(0), C) Tafel 

plots for a) Pt/C, b) PDA-Pd/CNH and c) PDA-Pd(0) and D) HER current-time curve 

of PDA-Pd/CNH in 0.5 M H 2 SO 4 . 
orrespond to Pd 3d 5/2 and Pd 3d 3/2 [50, 51] . The intense and weak

eaks indicate the co-existence of Pd(0) and Pd 

2 + , respectively, in

he PDA-Pd/CNH. The co-exitance of Pd 

2 + with Pd(0) is consistent

ith the observation of PdO Bragg peaks in XRD of PDA-Pd/CNH. 

.3. Electrochemical HER efficiency of PDA-Pd/CNH 

The electrochemical HER efficiency was examined using a

hree-electrode system and by recording cyclic voltammogram in

 0.5 M H 2 SO 4 electrolyte solution. Fig. 5 A shows the HER po-

arization curve. It indicated that both PDA-Pd/CNH and PDA-

d(0)-modified electrodes produced hydrogen at overpotential of

10 mV/s, but the PDA-Pd ion-modified electrode displayed poor

ER activity in comparison with PDA-Pd(0), while the commercial

0 wt% Pt/C HER electrode occurred at the overpotential 0 mV [6] .

hese results reveal that the reduction of Pd ion to Pd(0) was par-

ially proceeded by PDA (as indicated by UV-vis absorption study),

ince PDA has potential to reduce noble metals [43] . However, the

urther addition of a strong reducer such as NaBH 4 promoted the

ctivity of PDA-Pd. Furthermore, the addition of CNHs enhanced

he cathodic current density towards hydrogen evolution: The PDA-

d/CNH exhibited the current density of −10 mA/cm 

2 at 100 mV/s. 

The control of the amount of DA is significant on improve-

ent of HER efficiency. Fig. 5 B depicts the HER polarization curve

t different amounts of PDA against Pd NPs. As descried in TEM

haracterization, 1.0 mg/ml of DA produced the thicker covering on

d/CNH than 0.2 mg/ml of DA. However, the large amount of DA

aused the low electron transfer rate towards HER ( Fig. 5 B). This

esult reveals that the thick coating by PDA diminishes the electron

ransfer rate of Pd NPs during HER. To confirm the reaction mech-

nism of electrocatalysis, the Tafel slope obtained from LSV polar-

zation curve is mostly employed. Fig. 5 C displays the Tafel slope

lots of PDA-Pd(0) and PDA-Pd/CNH. The theoretical Tafel slope

alue is assessed as ∼120, ∼40 and ∼30 mV/decade correspond-

ng to Volmer reaction, Heyrovsky reaction and Tafel reaction, re-

pectively. These three possible reactions have generally been sug-

ested for HER in acidic media [52] . 

 3 O 

+ + e – → H adsorbed + H 2 O. - - - - - - - - - - - (Volmer reaction,
ischarge step) 

 adsorbed + H 3 O 

+ + e – → H 2 + H 2 O, - - - - - - (Heyrovsky, desorp-
ion step) or 

 adsorbed + H adsorbed → H 2. - - - - - - - - - - - - - - - (Tafel reaction, re-
ombination step) 

Compared to the slope value of PDA-Pd(0) (111 mV/decade),

he PDA-Pd/CNH exhibited small Tafel slope value (61 mV/decade),

lthough the commercial Pt/C exhibited the Tafel value of

6 mV/decade. Based on theoretical value, the HER on the

DA-Pd/CNH electrode proceeded through the Volmer–Heyrovsky

echanism. It is well known that the commercial Pt/C reaction

ollows the Volmer–Tafel mechanism. Hence, the reaction mech-

nism on PDA-Pd/CNH was different from the commercial Pt/C.

he HER efficiency of PDA-Pd/CNH is compared with other Pd

Ps related reports as listed in Table 2 . It can be seen that the

ER onset potential is lower than other carbon based Pd NPs. Be-

ides, the current density is higher than Pd-CoCNT modified elec-

rode. Relating to the reported materials such as Pd 50 Ru 50 /CNs and

t 0.5 Pd 0.5 NPs/PEDOT–SG/GCE, the current density of PDA-Pd/CNH

s considerably lower. Moreover, these composites need bi-metals

nd high costs for preparation. However, the Tafel slope values of

d-CoCNT and Pt 0.5 Pd 0.5 NPs/PEDOT–SG/GCE are 56 and 57 mV/dec,

espectively, specifying Volmer–Heyrovsky mechanism. Hence, the
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Table 2 

Comparison of HER results of present electrocatalysts to other noble metal electrocatalysts. 

Electrocatalyst Onset potential (mV) Over potential at 10 mA/cm 

2 Current density Tafel slope (mV dec −1 ) Reference 

MoS 2 /CNH 165 246 86 This work 

MoS 2 185 286 92 

PDA-Pd/CNH 10 100 61 This work 

PDA-Pd(0) 10 185 111 

Pd-rGO −380 – 122 mV [53] 

Pd 50 Ru 50 / 
a CNs −37.3 45.1 – [54] 

Pd-CoCNT −24 mV 112 56 [55] 

Pt 0.5 Pd 0.5 NPs/PEDOT- b SG/GCE 0.172 vs Ag/AgCl – 57 [56] 

Ag/Pd/ c CILE −0.27 vs Ag/AgCl – 156 [57] 

a- Carbon Nanosheets, b- sulfonated graphene and c- carbon ionic liquid electrode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Electrochemical HER polarization curves of control electrodes in a 0.5M 

H 2 SO 4 electrolyte solution. a) MoS 2 , b) MoS 2 /CNH, c) commercial catalyst (Pd on 

activated carbon) and d) synthesized Pd on CNH. 

Fig. 7. Impedance spectra of (a) bare electrode, (b) PDA-Pd/CNH and (c) PDA-Pd. 
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HER mechanism of present report is similar with other noble metal

catalysts. 

Moreover, the oxidized CNH has the inherent defect structure,

the internal nanospace and the extrinsic pores, which provide

preferable active sites for the Pd nanoparticle [58,59] . The peculiar

properties and the inherent defect structure of CNH enable the

uniform dispersion and the firm anchoring of Pd NPs as confirmed

by TEM images ( Fig. 2 C and D), which facilitated the synergistic

effect as well as the HER activity [59] . The defective carbon in

CNH can promote the diffusion as well as adsorption of protons

on the Pd/CNH surface, facilitating the Volmer–Heyrovsky mech-

anism (Tafel slope = 61 mV/dec) for the production of hydrogen.

In contrast, MoS 2 sheets completely wrapped the CNH surface

and limited the exposure of defective carbon to the electrolyte

(see Fig. 1 Ab). Further, CNHs made of single layer of graphene

in the shape of horns are likely to be agglomerated through van

der Waals attraction upon wrapping with MoS 2 sheets [60] . As a

result, the active defective sites in CNH are likely to be blocked

by MoS 2 , which led to poor protons transport, less efficient pro-

tons diffusion, minimum or less synergistic effect and thus poor

production of hydrogen. This is evident in a relatively larger Tafel

slope of 86 mV/dec. The production of hydrogen at the MoS 2 /CNH

surface has thus proceeded through the well-known Tafel reaction

pathway and not through Volmer–Heyrovsky mechanism as that

of Pd/CNH. 

The HER polarization curves of PDA-Pd/CNH at the first scan

and the scan after 500 cycles was monitored using LSV. The onset

potential and the current density for HER activity stood same after

500 cycles (data not shown). This result indicates that the PDA-

Pd/CNH-modified electrode maintains the excellent stability. More-

over, non-cleavable ability of the composites during HER reveals

the superior durability nature. Finally, the chronoamperometry was

employed at constant potential ( −0.1 V vs RHE) to measure the sta-

bility of PDA-Pd/CNH modified electrode. It can be seen in Fig. 5 D

for HER current density versus time that the continuous HER pro-

cess occurred, and the corresponding plot displayed its stability:

The current density conserved identical for 4 h. This fact reveals

the excellent durability of PDA-Pd/CNH modified electrode. 

To clarify the effects of MoS 2 to HER activity of Pd nanopar-

ticles, the HER activities of MoS 2 , MoS 2 /CNH, commercial catalyst

(Pd on activated carbon) and synthesized Pd on CNH are provided

as controls in Fig. 6 . Related to MoS 2, the MoS 2 /CNH exhibits bet-

ter HER activity in terms of onset potential ( −165 mV vs. RHE)

and overpotential ( −246 mV vs. RHE) to reach 10 mAcm 

−2 . Com-

pared to benchmark commercial catalyst (Pd on activated carbon),

synthesized Pd on CNH exhibits excellent HER activity. Its onset

potential is relatively low ( −6 mV vs. RHE) and the overpotential

( −124 mV vs. RHE) to reach 10 mAcm 

−2 is minimum. The results

of control experiments clearly revealed that CNH acts as a viable

carbon support for both MoS 2 and Pd, enhancing charge and mass

transports as well as their HER performances through improved

interfacial contacts with its defective carbons. We have encapsu-
 a  
ated PDA with Pd/CNH to avoid the reversible oxidation nature of

ole Pd metal nanoparticle mainly for improving the stability. It is

orth noting that the HER activity of Pd/CNH is still retained even

fter encapsulation of PDA. 

To assess the CNH electron transfer rate, the electrochemical

mpedance spectrum (EIS) measurement was performed. The Ran-

les circuit model was applied to calculate the electron transfer

esistance (R ct ) of modified electrodes. In Fig. 7 , the unmodified

bare) electrode displayed a semicircle, indicating the poor elec-

ron transfer rate. However, the PDA-Pd/CNH-modified electrode

xhibited small R ct value (3.6 Ω ) than PDA-Pd-modified electrode

7.8 Ω ), revealing that excellent electron transfer of PDA-Pd/CNH-

odified electrode. Thus, the CNH enhances the electron trans-

er rate of PDA-Pd NPs for HER reaction due to its excellent elec-

ric conductivity nature of CNH [6] . The EIS curves of PDA-Pd/CNH

lectrodes fabricated with two different PDA coatings (0.2 mg/ml

nd 1 mg/ml) were also compared. Note that the slope of thin
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DA layer coated electrode in the low frequency region is larger

han that of the electrode with thick PDA coating, suggesting that

hin PDA coating results in lower diffusive resistance and faster ion

ransport. These EIS results further support our reasoning that in-

reasing PDA coating thickness decreases the proton transport and

he diffusion kinetics and results in poor HER activity. 

. Conclusions 

The CNH enhanced the HER efficiency of MoS 2 - and PDA/Pd

Ps-modified electrodes. Nevertheless, the HER efficiency of

oS 2 /CNH-modified electrode is still low, since the poor interac-

ion of MoS 2 and CNH. However, the contribution of CNH to PDA-

d indicates the more superior HER activity than MoS 2 /CNH. The

anosized Pd NPs ( ˃ 5 nm) are highly distributed to the CNH sur-

ace without aggregation, and the thin coating of PDA reduces the

nhibition for the reversible oxidation nature of Pd NPs. Thus, the

hinner coating of H 2 adsorbent (Pd) by protector (PDA on PDA-

d/CNH) exhibits higher HER current density than thicker coating.

he reported result evidently shows that CNH-based composites

re the excellent choice to enhance the HER activity of metal par-

icles and other nanomaterials. 
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