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Motivation – why study surface chemistry of sulfur compounds?

Basic science interest

• SO2, is known for its rich and fairly 
complicated surface chemistry

• use in noble metal-free catalysis

• sulfur compounds appear quite reactive on 
graphene (liquid phase, powder samples, 
theory)

Not much surface science 
information for SO2, H2S 
on graphene

Applications

• acid rain (sulfuric acid) formation
• air pollution (volcanic activity, exhaust gas 

in power plants/transportation)
• corrosion of metals
• catalyst poisoning by sulfur

Uwe Burghaus
- Surface Chemistry | Het. Catalysis | Nanoscience | 
Materials -
North Dakota State University, Dept. Chemistry & 
Biochemistry
uwe.burghaus@ndsu.edu
www.uweburghaus.us
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html

Is there any evidence that graphene and functionalized 
graphene can act as a catalyst? 
Given the literature there is no doubt that noble metal free 
catalysis does work. Examples of noble metal free carbon 
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catalysts are outlined in many published works (see, e.g., 
refs.1-21). Many studies concern synthetic organic chemistry in 
the liquid phase.22 For example, phenol oxidation by graphene 
oxide was reported in the liquid phase.17 Or, the Friedel–Crafts 
reaction of benzene using mesoporous carbon nitrides is 
described.18 Or, graphene oxide was used to catalyze the 
oxidation of alcohols in the liquid phase.19 (See e.g. Tabs. 1-2 
in ref.23 for further examples and references.) Importantly, 
adsorption and reaction processes of sulfur compounds with 
GO have been studied extensively in the liquid phase11, 13, 14, 24-

27 as well as theoretically.25

Photocatalytic processes in the gas-phase on graphitic 
system were reported too such as CO2 to methanol 
conversion,28 just to mention one study here. For noble metal 
free electrocatalysis see e.g. ref.29

Ambient pressure gas phase reactions are also known. 
For example, mesoporous carbon acts as a metal-free catalyst 
for the low-temperature H2S oxidation by doping the carbon 
catalyst with nitrogen atoms.16 Ref.30 describes a high pressure 
study on an apparently thick layer of supported commercial 
GO flakes. On that system, CO oxidation (as a gas-surface 
reaction) was seen successfully at high pressure conditions.30

On N and S doped graphene flakes NO dissociation was seen 
using a fixed-bed reactor.20

In addition, many theoretical studies suggest that 
graphene and graphene oxide can work as a catalyst. For 
example, SO2 oxidation by graphene oxide was considered by 
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density functional theory (DFT).25 In another DFT study 
an enhancement of NOx and N2O2 adsorption on hydroxyl and 
carbonyl covered GO, compared with graphene, was 
theoretically predicted. Here hydrogen bond formation and 
even weak covalent bonds (by hybridization of NOx and GO 
bonds) were invoked.31 Similar theoretical results were 
reported about ammonia (NH3) adsorption on GO.32

Non carbon but noble metal free catalysts are also 
known.33

Molecular adsorption was studied also experimentally on 
(functionalized) graphene34-43 but, experimental UHV surface 
science work characterizing surface reactions has apparently 
not been conducted, except our own works.44

A concern often voiced is whether graphene can really 
act as a catalyst in these processes. In some of the literature 
examples just discussed, the reactions may be stoichiometric, 
but also examples are known where graphene clearly acts as a 
catalyst. Citing directly the review about graphene in organic 
liquid phase reactions:22 “… GO was recovered and reused for 
nine catalytic cycles...” (see page 11474, right column, ref.22) 
That exactly is the definition of a catalyst. That citation 
concerns Michael addition reactions, similar results were 
obtained for C–H bond activation of aryl halides (see page 
11475, left column in the same review). For other examples, 
see e.g. refs.45 (defects in graphene acting as active sites), ref. 
34, 35 (enhanced CO adsorption, graphene was not altered, i.e., 
the process is catalytic), ref.15 (Si doped graphene catalyzing 
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CO oxidation), etc.
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Literature SO2

The more reactive the surface, the lower the 
onset temperature of dissociation. 

decomposes on all metal surfaces, 
except silver.

S, Sx, SO, SO3, SO4, S—O complex

SO2 / HOPG   molecular adsorption
polar / non-polar 

• support effects
• polarization effects
• modification of density of 

states
• hybridization
• reactive defects in graphene

Ru surfaces are very reactive towards SO2

decomposition even at low temperatures
SO2(ads)S(ads) + 2O(ads) 

on Ru desorption of sulfur already at 250 K

HOPG - highly oriented pyrolytic graphite

Graphitic surfaces. Following simple chemistry concepts, 
polar SO2 is predicted to interact only weakly with graphene 
since carbon surfaces are considered as non-polar. However, 
substrate effects are known in the literature to be caused by 
polarization effects where some of the van der Waals 
interactions of the substrate are transmitted through the 
graphene layer. Also, modification of the density of states at 
the Fermi level induced by the graphene–substrate interaction 
are known to occur.
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Epitaxial graphene is made like that … PVD graphene
Physical Vapor Deposition

Chemical Physics Letters, 590 (2013) 146 - 152, by A. Chakradhar, K.M. Trettel, and U. Burghaus

UHV synthesis
ultra-high vacuum

Ru(0001)

defect density < 5%

self-terminating growth  single layer graphene

Graphene was made by decomposing benzene on ruthenium, see

Benzene adsorption on Ru(0001) and graphene/Ru(0001) — How to synthesize epitaxial 
graphene without STM or LEED?, 
Chemical Physics Letters, 590 (2013) 146 - 152,
by A. Chakradhar, K.M. Trettel,* and U. Burghaus
*NSF REU fellow 
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You would not like to see this … sample characterization
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Auger - sample characterization
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AES - Auger electron
spectroscopy

AES peak position for E0 = 3keV
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Ru 273, 231, 200, 184, 176, 150, 37
S 152
O 503, 483, 468

Ru(0001) Graphene/Ru(0001) Ref.
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Goodman, Surf. Sci. 611 (2013) 67
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Wayne Goodman, Surface Science 605 (2011) L47–L50
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Letters 590, 146-152, (2013)
0.74 0.34 A. Chakradhar , U. Burghaus, Chemical Communications 50, 7698 

- 7701, (2014)
0.74 0.48 Supplemental to N. Sivapragasam, M.T. Nayakasinghe ,U. 

Burghaus, J. Vac. Sci. Technol. 34, 041404, (2016)

Left hand side

Auger electron spectra of the clean ruthenium support and graphene on that support.

Since Ru and C AES peaks overlap, the p/n peak ratio is used as a characterization.

According to STM works (e.g., see Goodman, et al.) and other spectroscopy the p/n ratios 
obtained here are characteristic of clean Ru and a single atom thick layer of carbon on it.
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LEED - sample characterization

Gr/Ru graphene/Ruthenium(0001)
XPS: X-ray Photoelectron Spectroscopy
LEED: Low Energy Electron Diffraction
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Gr/Ru
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Right hand side
As also discussed in ref. [Effects of surface impurities on epitaxial graphene growth, Valeria 
del Campo, Ricardo Henríquez, Patricio Häberle, Applied Surface Science 264 (2013) 727-
731 ] obtaining good LEED images of graphene’s/ruthenium Moré structure is difficult due 
to lack of perfect focusing and photographic problems. Having all satellite peak in focus 
with the same settings of the LEED system was not possible. However, the extra LEED spots 
surrounding the substrate LEED pattern are evident. A) LEED of graphene at 95 eV, B) LEED 
of clean ruthenium at 97 eV, C) LEED of graphene at 43 eV, here the sample was rotated by 
a few degrees, i.e., sample was not parallel to the LEED screen. Highlighted are the satellite 
pots using the letter “x”.

LEED images for two different graphene samples are shown
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Left side
TDS, thermal desorption spectroscopy, curves for different masses.

Right side
Comparison of the SO2 gas phase fragmentation pattern with the integrated TDS peak areas 
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Depicted is always the ratio of a given mass to the parent mass of SO2.
E.g., S-TDS is the ratio of the integrated TDS peak areas of the mass spec. signals for 
m/e=32 (sulfur) with respect to m/e=64 (parent/molecular SO2), or Sgas is the intensity 
ratio of m/e=32 (sulfur) with respect to m/e=64 (parent/molecular SO2) for gas phase SO2
(detected with the same mass spec.).

Main result:
SO and O TDS signals are larger than the corresponding SO2 gas phase signal which suggests 
the decomposition of SO2 since more SO and O are formed than expected for purely 
molecular SO2.

More details:

The parent mass signal for SO2 at m/e=64 (left side, black curve) must be related to 
molecular adsorption and desorption of SO2. Since this signal is detected, we have evidence 
for the process 

SO2(ad)  SO2(gas).       (1)
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A comparison of the TDS signals at various other masses with the corresponding SO2 gas 
phase fragmentation pattern measured with the same mass spectrometer allows one to 
detect none-molecular adsorption/reaction pathways. 

SO and O TDS signals are larger than the corresponding SO2 gas phase signal (i.e., the gas 
phase fragmentation pattern) which would suggest

2SO2(ad)  2 SO(ad) + O2(gas)     (2)

SO(ad)  SO(g)                              (3)

Since all fragments desorb at the same and rather low temperature, a molecular 
adsorption/desorption pathway for SO seems likely.

Furthermore, the S TDS signal agrees with SO2 gas phase fragmentation pattern of sulfur, i.e., 
sulfur does not desorb up to 600 K.

That TDS result is consistent with sulfur seen on the surface with AES (next slide) after the 
TDS experiments.

Therefore, another adsorption/reaction pathway must exist that generates sulfur such as

SO2(ad)  S(ad) + O2(des)                 (4)

or

2SO(ad)  2 S(ad) + O2(des)              (5)

AES did not detect adsorbed oxygen after the TDS runs, i.e., O2 indeed preferentially desorbs 
rather than forming graphene oxide. The p/n AES ratio of graphene slightly decreased after 
the TDS experiments, which indicates an increase of carbon on the surface. Thus, graphene 
seems not to decompose while interacting with SO2. The increase in carbon likely is caused 
by our AES system, the micro CMA based AES is rather short. Therefore, carbon desorbs from 
the filament of the AES electron gun which is in line of sight to the sample. Thus, while 
collecting AES data some amorphous carbon is deposited on the surface.
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Estimating reaction probability for SO2 decomposition
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AES sensitivity factors

There is a Ru AES peak close to the S AES peak. However, the intensity in the S AES region 
clearly increases after the TDS experiments. Interestingly, also the Ru+S peak shifts towards 
the expected sulfur AES peak position consistent with the decomposition of SO2 seen in the 
TDS experiments.

The estimate assumes that the Ru signal after the sulfur is adsorbed remains the same as 
for the clean surface.

That does ignore the attenuation of the Ru signal due to being covered by sulfur. Thus, the 
Ru signal after S deposition will be a bit smaller than for the clean surface. Thus, Ipost is 
underestimated and so is IS. The actual S coverage should be larger.
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Proposed kinetics mechanism for SO2 graphene/Ru - summary

SO2(ad)  SO2(gas) molecular adsorption / desorption
Why? parent mass desorbs 

2SO2(ad)  2 SO(ad) + O2(gas) 

SO(ad)  SO(g)

SO formation / desorption
Why? SO signal stronger than gas-phase 
fragmentation 

S(ad) +2O(ad)SO2(ad) 
Side reactions consuming O2

Why? O2 signal stronger than gas-phase fragmentation, but 
smaller than stoichiometry would predict

SO2(ad)  S(ad) + O2(des)

2SO(ad)  2 S(ad) + O2(des)
Sulfur formation
Why? S detected by Auger

0.5S ML 

2

0.5
formed

molecular

SO

SO
  

Reaction probability

Ed = 46.3 - 9.6  kJ/mol
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Proposed electronic mechanism

• part of van der Waals interactions from a 
substrate are transmitted through graphene

• hybridization of substrate and graphene 
orbitals 

• charge transfer from dopants to graphene

• graphene defects as active sites

Current literature suggests as a working 
hypothesis for our project that epitaxial 
graphene can act as a catalyst due to 
hybridization of graphene’s carbon with the 
substrate. 

Possible mechanisms and working hypothesis
For developing a working hypothesis for the proposed 
projects, one may want to consider possible mechanisms 
explaining why a carbon-based system may become a 
catalyst. Searching the literature, several ideas become 
apparent. 
1) Considering molecular adsorption. A few years back the 
adsorption of water on epitaxial graphene was a focus area.1-7

Theoretical works suggested that at least part of van der 
Waals interactions from a substrate are transmitted through 
graphene, i.e., the polarization of the substrate can affect 
surface properties of graphene.4 That is not restricted to 
metallic substrates but, e.g., glass or silica as a substrate also 
can affect van der Waals type interactions.4
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2) More important for our projects, for more covalent 
interactions a different mechanism was recently suggested.8, 9

In this combined experimental and DFT study, a hybridization 
of nickel (used as a substrate) and graphene orbitals was 
proposed to enhance the reactivity for CO adsorption.8

Graphene’s structure was not altered. Hybridization effects 
should not be restricted to metallic substrates. Metal substrates 
are primarily used in many studies so far simply because it’s 
easier to grow graphene on metals. If graphene on non-
metallic systems also becomes reactive due to hybridization 
effects simply needs an experimental verification. First the 
reactivity can be characterized using kinetics techniques. Next, 
electronic structure properties become apparent in XPS data. 
3) Liquid phase studies usually consider graphene (carbon 
flakes) not bound to a substrate. In most studies the graphene 
flakes are functionalized which determines the reactivity. For 
example, during oxidation of graphene, the sp2 hybridized 
carbon of graphene changes to a sp3 in order to accommodate 
the oxygen.10 DFT studies  have shown that the oxidation of 
graphene can form various oxygen containing functional 
groups: epoxide, hydroxyl, and carboxyl.11 Both the 
aromaticity and the reactive oxygen containing functional 
groups in GO can act towards making GO a reactive material. 
Besides GO other functionalization have been shown to be 
effective. Many theoretical studies in the literature are devoted 
to understanding the mechanism by which functionalization 
modifies the reactivity of graphene. For example, the binding 
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energy of Pt doubles by N-doping graphene. This DFT study 
suggests that the nitrogen atoms locally destabilize the 
delocalized double bond present in graphene.12 Or, in an 
experimental study about H2S oxidation by an N-doped carbon 
catalyst, it was suggested that nitrogen groups act as Lewis 
basic sites increasing the local basicity of coadsorbed water 
which facilitate the dissociation and subsequent oxidation of 
H2S.13 Examples where a charge transfer from N or S dopands 
of graphene to adsorbates is invoked (leading to dissociation 
of the adsorbate) also can be found in the literature.14

4) Another mechanism is related to defects in graphene. 
According to a DFT study15 defects in graphene create C 
atoms with dangling bonds (i.e. unpaired valence electrons) 
which enhance graphene's reactivity. In particular, the 
dissociation of phenol was catalyzed by defects.15

Experimentally, the defect density of graphene can be 
manipulated by electron or ion bombardment using a sputter 
gun, or the electron gun from the Auger or LEED system. That 
again should be independent of the type of substrate (metal vs. 
non-metallic) used.

Current literature suggests as a working hypothesis for our 
project that epitaxial graphene can act as a catalyst due to 
hybridization of graphene’s carbon with a metallic or non-
metallic substrate. And, a functionalization certainly modifies 
graphene’s electronic structure to become more reactive e.g. 
by charge transfer.
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Conclusions

• D2 TDS: graphene's defect density below 5% ML

• TDS & AES: SO2 on graphene/Ru(0001)

• SO2 adsorbs molecularly 

• deviations of the gas-phase fragmentation pattern and multi-mass TDS 

• SO and O2 desorbs in SO2 TDS experiments

• AES revealed adsorbed sulfur after the kinetics experiments
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• The adsorption of SO2 and H2S on graphene/Ru(0001) 
were studied by TDS and AES. 

• A defect density of the single layer graphene much below 
5% of a monolayer was detected by D2 TDS while 
synthesizing the samples.

• SO2 and H2S adsorb molecularly as well as decomposes.

• Deviations of the gas-phase fragmentation pattern and 
multi-mass TDS pattern were observed. 

• SO and O2 desorbs in TDS experiments

• AES revealed adsorbed sulfur after the kinetics 
experiments.
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