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PEM devices



Alternative : metal carbides

Å Could be used as catalysts, catalyst supports and/or promoters

Å DFT: electronic structure near the Fermi level similar to noble
metals(e.g., PtandWC).

Å High electrical conductivity

Å Corrosion and wear resistant

Å Low-cost



Tubular furnace

H2/N2 (5 % H2) 100 mL min-1

800 °C 3 h

4 °C / minRT

MoO3 + NH4OHC + ethanol

Stirring 12 h
T = 60 °C

Synthesis of Mo2C by the carbothermalroute

Low-cost and easy method

G. García et al. International Journal of Hydrogen Energy 41(2016) 19664-19673



Synthesis of Mo2C by the carbothermalroute
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Catalyst Main phase/s Secondary phase/s Crystallite Size 

(nm)

Mo2C (commercial) Mo2C --- > 50

Mo2C (carbothermal route)-0.1 gram Mo2C --- 6

Mo2C (carbothermal route) Large-Scale Mo2C --- 19

Surface: metal carbide + transition metal oxides

225 230 235

Mo
2
C / Mo 3d

5/2

B.E. / eV

Carbothermal route

MoO
3MoO

2

Mo
2
C

Commercial

MoO
3

MoO
2

Mo
2
C
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Synthesis of W2C by the urea-glass route

Ethanol

HCl

UREA

Tubular furnace

N2 100 mL min-1

800 °C 2 h

2 °C/minRT

W-orthoester

Stirring 1 h

Vacuum 12 h

WCl4

WCl4 (1.21 M) 
in CH3CH2OH

Urea:W molar ratio = R

R < 2   Ą W2N

2 < R < 4   Ą W°

R = 7   Ą W2C

Modification of 
Nano Lett., Vol. 8, No. 12, 2008

Low-cost



Surface: metal carbide + transition metal oxides

Synthesis of W2C by the urea-glass route

Catalyst Main phase/s Secondary 

phase/s

Crystallite Size 

(nm)

W2C (Commercial) W2C WC > 50

W2C (urea glass route) W2C ---- 14
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TRANSITION METAL 

CARBIDE

TRANSITION METAL OXIDES

+

TRANSITION METAL CARBIDES

Good conductivity ςSmall particle size ςLow-Ŏƻǎǘ ǇǊƻŘǳŎǘƛƻƴ ΧΦ 

What are REALLY metal carbides?

G. García et al. International Journal of Hydrogen Energy 41(2016) 19664-19673



Noble metal free catalysts for the HER: metal carbides

Linear Sweep Voltammetry Chronopotentiometry

Onset potential strongly depends on the nature of the metal

G. García et al. Journal of Electroanalytical Chemistry 793 (2017) 235
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Mo2C synthesized by the carbothermal route appears as one 

of the most active non-noble material toward the HER

h@ 20 mA cm-2 vsonset potential

Hydrogen evolution reaction

G. García et al. Journal of Electroanalytical Chemistry 793 (2017) 235



Linear Sweep Voltammetry Chronopotentiometry

Onset potential strongly depends on the nature of the metal and the electrolyte

Hydrogen evolution reaction

G. García et al. Journal of Electroanalytical Chemistry 793 (2017) 235



Tafel slopes ɖ vs log(|j|)

Volmer  120 mV·dec-1

Heyrovski  40 mV·dec-1

Tafel  30 mV·dec-1

Mechanism
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Acid media Basic media

Hydrogen evolution reaction (HER) 





0.5 M H2SO4

H2

Teflon capillary
0.3mm ID x 1.58 OD

Supported 
catalysts

Teflon membrane

Au

Mass 
spectrometer

RHE
Counter electrode

Working
electrode

Vacuum

Electrochemical
cell

Capillary

Differential electochemical mass spectrometry (DEMS)

O. Guillén-Villafuerte et al.
Electrochemistry Communications 63 (2016) 48 - 51
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Differential electochemical mass spectrometry (DEMS)

Pfeiffer
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Differential electochemical mass spectrometry (DEMS)

Hiden
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Hydrogen  evolution  reaction  at metal carbides

Tafel plot
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Hydrogen  evolution  reaction  at metal carbides

Tafel plot

Ionic currents

0.1 M NaOH, 1 mV/s





Catalyst Onset potential Tafel slope rds
Faradaic current at 

-0.45 V vs RHE

W2C commercial -0.42 V vs. RHE 66,141 mV·dec-1 Heyrovsky-Volmer 8 ɛA

WC commercial -0.21 V vs. RHE 130 mV·dec-1 Volmer 80 ɛA

W2C synthesized -0.21 V vs. RHE 113 mV·dec-1 Volmer 600 ɛA

H3PO4 0.5 M

NaOH 0.1 M

Catalyst Onset potential Tafel slope rds
Faradaic current at 

-0.45 V vs RHE

W2C commercial -0.30 V vs. RHE 60, 115 mV·dec-1 Heyrovsky-Volmer 100 ɛA

WC commercial -0.12 V vs. RHE 98 mV·dec-1 Volmer 800 ɛA

W2C synthesized -0.15 V vs. RHE 108 mV·dec-1 Volmer 2.2 mA

SUMMARY

63

Hydrogen  evolution  reaction  at metal carbides



New!!!

Effect of the addition of ionic liquid

64

Hydrogen  evolution  reaction  at metal carbides

S. Díaz-Coello et al. J. Electroanal. Chem. 2021, 880, 114878.

NaOH 0.1 M, 1 mV/s

Octylpyridinium hexafluorophosphate
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Hydrogen  evolution  reaction  at metal carbides

S. Díaz-Coello et al. J. Electroanal. Chem. 2021, 898, 115620.

NaOH 0.1 M, 1 mV/s



Sample
TMC / 

nm

TMC -IL / 

nm

Difference / 

nm

(A-B) W2C 662 544 - 35

(C-D) WC 260 242 - 18

(E-F) Mo2C 484 420 - 64

(G-H) VC 334 357 + 23

(E-J) TiC 31 35 - 4

SEM images of TMCs and TMCs + IL

S. Díaz-Coello et al. J. Electroanal. Chem. 2021, 898, 115620.



Durability. Stress tests

500 scans, 0.2 V/s

Hydrogen  evolution  reaction  at metal carbides

Effect of the length of the chain

Before After

S. Díaz-Coello et al. J. Electroanal. Chem. 2021, 880, 114878.

NaOH 0.1 M, 1 mV/s



SEM images TMCs + IL. Stress tests

Decrease of 25 %

Increase of 12 %

S. Díaz-Coello et al. J. Electroanal. Chem. 2021, 880, 114878.



Synthesis of 2D carbides: MXenes and composites

Y. Remedios-Diazet al.
ChemElectroChem
2024, e202300673



Characterization of MAX phases, MXenes and composites

SEM/EDX

Y. Remedios-Diazet al.
ChemElectroChem
2024, e202300673
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Y. Remedios-Diazet al. ChemElectroChem2024, e202300673

DRX



250 500 750 1000 1250

6
1
0

MoS2

619

149

MoS2/Mo 2TiC2

MoS2/Ti3C2

Mo2TiC2

In
te

n
si

d
a

d
 /
 u

.a
.

Desplazamiento Raman / cm-1

Ti3C2
400

147 275

6
5
3

814

983

147 275
653

814

983

147
275

653

814

983

147 275
653

814

983

Raman Spectroscopy

Characterization of MAX phases, MXenes and composites

Y. Remedios-Diazet al. ChemElectroChem2024, e202300673



HER for MoS2/ MXene composites

S. Delgado et al. In preparation
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XPS

Characterization of MAX phases, MXenes and composites

Mo2TiC2
Ti3C2

Y. Remedios-Diazet al. ChemElectroChem2024, e202300673
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S. Delgado et al. International Journal of Hydrogen Energy 55 (2024) 1050
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RGO

ÅGrapheneisa bidimensionalnanometricmaterialobtainedby
micromechanicalexfoliationin 2004.

Å It shows excellent mechanical, magnetic and electrical
properties.

Synthesis of reduced graphene oxide

Hummeŕs
Method

Graphite GO

2D materials: graphene as catalyst support



üThe strong -̄  ̄ interaction 
produces a weak interaction 
with the metals at the 
surface

Propertiesof a supportfor electrochemistrysystems

üStable
üGood electric conductivity
üSuitable surface chemistry (metal/support interaction)
üHigh surface area (2630 m2 g-1)

Graphene (G)

Graphene as catalyst support



Grafito GO RGO

C C

O
O

C

H2SO4/KMnO4 (Hummers method) Thermal treatment 450 oC, N2/H2 5%

Synthesisof GO Synthesisof RGO

Synthesis of graphenic materials



Reduced graphene oxide as catalyst support

e-

e-

e-

Graphene Oxide (GO)

Reduced Graphene Oxide 
(RGO)

Oxygen

Hydroxyl group 

Carbon

Propertiesof a supportfor electrochemistrysystems

üStable
üGood electric conductivity
üSuitable surface chemistry (metal/support interaction)
üHigh surface area (2630 m2 g-1)



Graphenebasedelectrocatalysts:

ÅInexpensive,widely available,high
electrical conductivity, stability in
acid/alkalineenvironments

ÅDopingprocessmodifieselectronic
structure and tailor surface
chemistry(canbeusedascatalyst)

ÅDefects could be active sites for
electrocatalysis

Graphene materials (GMs)



Green reduction agents

Åsodium citrate

ÅrGO - reflux

ÅrGO ïT700 reflux

Åglucose

ÅrGO -G Hidro

ÅrGO -G 95T

Åthermal treatment synthesis (rGO ïTT)

N and/or S doping

Åhydrazine (rGO ïhydrazine)

Åcaffeine (rGO ïcaffeine)

Ådimethyl sulfoxide (S-rGO)

Åthiourea (rGO ïthiourea)

Åammonium thiocyanate (rGO ïthiocyanate)
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DRX
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Synthesis of GMs



Physicochemical caracterización of GMs and Mo2S (1 %) composites

F. Fioravanti et al. Electrochimica Acta 441 (2023) 141781

Raman Spectroscopy SEM

MoS2/ rGO MoS2/N-rGO MoS2/SN-rGO



XPS

F. Fioravanti et al. Electrochimica Acta 441 (2023) 141781

Physicochemical caracterización of GMs and Mo2S (1 %) composites



LSV, 0.5 M H2SO4, 2 mV·s-1

HER for GMs and Mo2S (1 %) composites

Volmer

F. Fioravanti et al. Electrochimica Acta 441 (2023) 141781



S.J. Martínez et al. Inorganica Chimica Acta 566 (2024) 122008

Physicochemical characterization of Ni NPs/ GMs

DRX



Figure S7. XPS spectra for Ni/N-rGO

Physicochemical characterization of Ni NPs/ GMs

S.J. Martínez et al. Inorganica Chimica Acta 566 (2024) 122008

XPS
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LSV, 2 mV·s-1, 1 M NaOH

HER reaction for Ni NPs/ GMs

Stephanie J. Martínez et al. Electrochim. Acta, 
submitted
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LSV, 1 M NaOH, 2 mV·s-1 

HER reaction for Ni NPs/ GMs/Mo 2C

Volmer - Heyrovski
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Conclusions

o MXenesanddichalcogenidesshowgoodactivity towardsthe HER.

o Doping of graphenematerials allows to modulate the responseof the catalysts
towardsthe HERwhenusedassupports(or co-catalysts).

o Designof 2D compositesmaterialsseemsto be a good opportunity for increasing
the activityof catalysttowardsthe HER.

o DEMSappearsasan important tool for the elucidationof the mechanismof the HER.

o MCx are suitableto be usedascatalystsfor the HER. Optimizationof the synthesis
canenhancethe performance.

o Surface structure, nature of the metal and the electrolyte appear as main
responsiblefor their electrochemicalbehavior.

o Ionic liquidsseemsto modified the activity towards the HER. Thiseffect is strongly
relatedwith the modificationof particlesizesafter interactionwith the IL.


