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High-porosity carbon molybdenum sulphide composite with enhanced
electrochemical hydrogen evolution and stability

Anders B. Laursen, Peter C. K. Vesborg, and Ib Chorkendorff*

s Experimental section:

MoS, HER catalysts were prepared according to the procedure published by our group and X. Hu’s group (1,2). In short, 2 mM
(NHg);MoS, in 0.1 M NaClO, aqueous solutions were prepared in an Ar glovebox. The solution was sealed and sonicated for ca 10 min
before transferring into the H-cell under continued Ar flow. The solution was then bubbled with Ar for 20 min before experiments were
started to remove any oxygen from the solution. Depositions were all done by cycling the working electrode potential between -0.366V
10 to 0.734V vs RHE (pH 7.4), the number of cycles determined the amount of catalyst deposited. In the work X. Hu’s group (2) it was
determined that the maximal activity was achieved after 18 cycles and that film thicknesses did not increase beyond approx. 35 cycles.
We have previously determined comparable activities to the best of the X. Hu groups after 19 CV cycles (1). Thus the base line for our
present comparison was the 19 CV deposition. All aqueous solutions are prepared with water from a MilliPore water system (18.2 MQ).
All glassware are cleaned in Piranha (1:3 30% H,0, in conc. H,SO,) and sonicated in water 3 times before use.
15
Electrochemical measurements:
A custom made H-cell is used for all the measurements (3). The reference electrode is a commercial Hg/Hg,SO, (saturated K,SO,) with
a potential of 680 mV vs. NHE. All potentials in this work are corrected by E o= Eeasured T 0.680 V + pH - 0.059 V. The reference
electrode Luggin is separated from the working electrode compartment by a glass-fritt during MoS, deposition the Luggin is filled with
20 saturated NaCl and during HER activity experiments with 1M HClO,4. The purpose of the NaCl salt-bridge is to protect the reference
electrode from the (NH,),MoS, solution. IR correction were determined using the Biologic potentiostat EIS single point ohmic drop
measurement for several electrodes and the average value (15 Q) was used to correct the obtained data. Data were corrected using the
equation: Ecotrected(v) = Emeasured(v) -15Q - Imeasured(A)'

25 Electrode preparation:

C-paper electrodes: Electrodes were made by cutting carbon paper (untreated carbon paper, Carbon paper — 2050-A, from
FuelCellStore.com) into 10 cm wide strips. These strips were then placed on a 110°C hotplate and a thin line of water dispersed
Teflon (Dyneon TF5032R PTFE) was put approximately 1 cm from the long end of the strip. When dried, a thin white line showed
the Teflon barrier. This barrier had the purpose of stopping any electrolyte from diffusing into the porous network and up to the

30 contact point, which could cause a parasitic corrosion current. The strip of carbon paper was then cut into electrodes 0.5 cm wide. A
piece of copper wire was then curled into a spiral in one end. The spiral was placed on the contact point of the electrode (1 cm above
the Teflon line) and covered in silver paste (HighPurity Ag paint SPK supplies). After drying on a hotplate at 110°C the wire was
slipped into a Pyrex tube. Next, the end of the glass tube and the top of the electrode — all the way onto the Teflon barrier — was
covered in a hot-melt glue (from a local hardware supplier, Bosch). After hardening, the electrode was masked off to expose 0.5 x 0.5

35 cm by wrapping the electrode in self-adhesive Teflon tape (Saint Gobain). The mask allowed only 1 cm?® to be exposed to the
electrolyte. After deposition of the catalyst a clear dividing line showed where the electrode had been exposed to the electrolyte. This
well-defined line showed that the mask worked according to the intention. It is acknowledged that the geometric area was not
equivalent to the actual electrode surface but taking the effect of electrode porosity into account, the effect of any electrolyte
diffusing up under the mask was deemed negligible.

40 Act-C-Paper: The C-paper electrodes were activated immediately before use by immersing just the un-masked area of the prepared
electrodes into a freshly prepared solution of piranha (1:3 vol. equivalents 35% H,0,(aq) /conc. H,SOy4). The electrodes were left to
react 30-60 sec then rinsed by immersion in clean Millipore water three times each time soaking ~1 min. If the mask was removed
after activation the solution was seen not to wet the carbon higher than the mask.

FTO electrodes: FTO 1 1/4" x 2" pieces were washed by ultra sonication sequentially in acetone, isopropanol, and three times Millipore

45 water. After drying a piece of copper wire was twisted into a coil in one end and fixed to one end of the conductive side of electrode
using silver paste. After drying a glass tube was slipped over the copper wire down to the contact point, the tube end and contact
were then covered in hot-melt glue. When cured the active area (1-3cm?) was masked off using self-adhesive Teflon tape. Just prior
to use the surface was cleaned with a drop of piranha solution and rinsed thoroughly in Millipore water.
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Catalyst deposition on porous carbon fibre electrodes:

The MoS, catalyst was deposited according to the procedure described above. Fig. S1 shows the CVs of the electrochemical deposition.
The four features at -0.35 V vs RHE, -0.15 V vs RHE, 0.35 V vs RHE, and 0.7 V vs RHE are attributed to the catalyst deposition. The
s feature at 0.7 V vs RHE and -0.35 V vs RHE are identified to be MoS; and MoS, deposition, respectively (2). The other two features are

not understood at present.
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10 Fig. S1 Deposition CVs on (I) FTO, (II) C-paper, and (III) Act-C-paper for 19 (blue) and 50 (red) CV cycles, respectively. (IV) comparison of 50 CV
cycles for Act-C-paper (red), FTO (black), and C-paper (blue). See above for deposition solution composition.

From Fig. S1 it was determined that the Act-C-paper electrodes had more MoS; deposited than the flat FTO electrodes in a similar

amount of cycles. It was inferred that the deposition throughout the porous electrode would be more mass-transport limited than on a flat

electrode, hence it was attempted to increase the number of deposition cycles beyond the 35 that was know from literature to be the
15 maximal number increasing catalyst deposition on FTO (2).
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Table S1 Table of electrode properties:

Catalyst Tafel slope | J,2"*"9¢/ [A/cm?] Ca/ Surface Approximated
[mF/cngeo] roughness surface area

ratio /lem?/cm?,,]
MoS,(19CV)/FTO 93.1 1.68E-05
MoS,(50CV)/FTO 66.8 7.99E-06
MoS,(19CV)/C-paper 38.9 2.97E-08
MoS,(50CV)/C-paper 36.6 5.07E-08
MoS,(19CV)/Act-C-paper 44.3 1.40E-06
MoS,(50CV)/Act-C-paper 38.4 1.06E-06

C-paper 1.31E-2 1 5.23E-1

Act-C-paper 0.62E-1 4.8 2.49

Electrochemical surface area determination:

The electrochemical surface area was determined by CV cycling a C-paper and Act-C-paper electrode in the potential region 0.10-0.20 V
vs RHE at scan speeds from 5-200 mV/s. This potential region was chosen because no other feature than the capacitance was observed
here. Plotting the current difference from the forward and reverse scan at 0.15 V vs RHE as a function of scan speed a linear response
10 was obtained. At the lowest scan speed (5mV/s) the linear behaviour was not observed and thus the point excluded in the following
procedure. The total double layer capacitance (Cy) is twice the slope of the linear response of Al/scan speed (2,4): from this Cyjc.paper =
and  Cyjact-c-paper = could be isolated. This quantity is material dependent and therefore only the relative response between the two
electrodes could be determined accurately. However, as the area averaged capacitance of carbon materials may be approximated as 25
pF/cm?® (4) the approximate surface area was calculated as well as the relative electrochemical surface area increase upon the acid
15 treatment. The results are shown in Tabl. S1.

Figure showing the electrochemical response to changed scan speed for C-paper and Act-C-paper electrodes.
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Fig. S2 CV in capacitive region for (I) Act-C-paper and (II) C-paper with varying scan speeds between 5 and 200 mV/s. (III) linear correlation of
capacitance currents measured at 0.15 V vs. RHE. Showing results of least square linear regression at scan rates above 5 mV/s.

Table S2 Table summarizing the results of the surface area analysis for the C-paper and Act-C-paper electrodes without catalyst deposition. Approximated
surface area is calculated based on an average surface capacitance of 25 pF/cm? (4) for carbon.

Surface Approximated

roughness | surface area
Electrode Ca/[mF/cm%,,] | ratio /lem?/cm’.,]
Act-C-paper 0.62E-01 4.8 2.49E+00
C-paper 1.31E-02 1.0 5.23E-01

Tafel analysis:

Tafel analysis performed on the MoSx deposited electrodes. Due to
— 50-MoS /C-paper

250 19-MoS./C-paper the noise caused by bubbling on the FTO electrodes the data had to

— 5°'M°§x/ FTg if } be further smoothed before an accurate Tafel analysis could be
e e //”l 10 performed. It should be noted that the FTO electrodes show a
200 ~ / lower Tafel slope than what others and we have reported

previously (1,2,5,6). This was attributed to these electrodes
showing an unusual early mass transport limited current, seen by
the curve showing two linear regions at low overpotentials.
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Fig. S3 CV at 5mV/sec for Tafel analysis of the
MoSx(19CV)/FTO, MoSx(50CV)/FTO, MoSx(19CV)/C-paper,
MoS(50CV)/C-paper, MoSx(19CV)/Act-C-paper,
MoS«(50CV)/Act-C-paper. IM HCIO4, using a Hg/HgSO4 as the
reference electrode and H, bubbled Pt mesh as the counter
electrode.
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Fig. S4 non-IR compensated CV of the MoSx(19CV)/FTO, MoSx(50CV)/FTO,
MoSx(19CV)/C-paper, MoS,(50CV)/C-paper, MoS«(19CV)/Act-C-paper,
MoS«(50CV)/Act-C-paper. IM HCIO4, using a Hg/HgSO, as the reference electrode
and H, bubbled Pt mesh as the counter electrode.

1 B. Seger, A. B. Laursen, P. C. K. Vesborg, T. Pedersen, O. Hansen,
S. Dahl and 1. Chorkendorff, Angew. Chem. Int. ED., 2012, 51,

9128.

102 D. Merki, S. Fierro, H. Vrubel and X. Hu, Chem. Sci., 2011, 2, 1262.
3 A. B. Laursen, S. Kegnees, S. Dahl and 1. Chorkendorff, Energ.
Environ. Sci., 2012, 5, 5577.
4 B.E. Conway, V. Birss, J. Wojtowicz, J. Power Sources, 1997, 66, 1.
5 D.Merki, H. Vrubel, L. Rovelli, S. Fierro and X. Hu, Chem. Sci.,

15 2012, 3, 2515.

6 H. Vrubel, D. Merki, X. Hu, Energ. Environ. Sci., 2012, 5, 6136.

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


