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A combined high resolution X-ray photoelectron spectroscopy and X-ray standing wave

study into the adsorption structure of hydrogenated graphene on Ir(111) is presented. By

exploiting the unique absorption profiles and significant modulations in signal intensity

found within the X-ray standing wave results, we refine the fitting of the C 1s X-ray

photoelectron spectra, allowing us to disentangle the contributions from hydrogenation of

graphene in different high-symmetry regions of the moiré supercell. We clearly

demonstrate that hydrogenation in the FCC regions results in the formation of a graphane-

like structure, giving a standalone component that is separated from the component

assigned to the similar structure in the HCP regions. The contribution from dimer

structures in the ATOP regions is found to be minor or negligible. This is in contrast to the

previous findings where a dimer structure was assumed to contribute significantly to the

sp3 part of the C 1s spectra. The corrugation of the remaining pristine parts of the H-

graphene is shown to increase with the H coverage, reflecting an increasing number and

size of pinning centers of the graphene to the Ir(111) substrate with increasing H exposure.
Introduction

The chemical functionalisation of graphene with elements such as uorine,1,2,25

oxygen,8,12,13,33 and hydrogen3–6,18,19,23,28 has attracted attention because of the
resulting changes in material properties. For hydrogen, these effects include
ferromagnetism,23,31 increased spin–orbit coupling,26 and the opening of an
electronic band gap,5,14,24,29which additionally can be controlled by the degree and
pattern of hydrogenation.15,19 Other potential applications of hydrogenated gra-
phene include protective coatings,21 as well as solid-state hydrogen storage.27,30

Graphene on Ir(111) exhibits a moiré pattern which can be closely modelled by
ten-by-ten graphene unit cells for each nine-by-nine Ir surface atoms.11 This
supercell contains three high-symmetry regions of interest, namely the HCP, FCC,
aDepartment of Physics and Astronomy, Aarhus University, Aarhus, Denmark. E-mail: balog@phys.au.dk
bDiamond Light Source Ltd., Harwell Science and Innovation Campus, Didcot, OX11 0DE, UK
cThe Mads Clausen Institute, SDU NanoSYD, Sønderborg, Denmark

178 | Faraday Discuss., 2022, 236, 178–190 This journal is © The Royal Society of Chemistry 2022

http://orcid.org/0000-0003-1781-8936
http://orcid.org/0000-0002-0827-2022
http://orcid.org/0000-0001-9741-2025
http://orcid.org/0000-0003-0974-8077
http://orcid.org/0000-0003-0828-3642
http://orcid.org/0000-0001-6786-2957
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00122a
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD022236


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
6 

M
ay

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

3/
20

25
 1

2:
52

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and ATOP regions. In the HCP and FCC regions, every second C atom is directly
above an Ir surface atom and every second above a hollow site.11 The C and Ir
atoms interact more strongly due to the geometry, and the graphene sheet is
closer to the Ir(111) surface than in the ATOP regions, 3.29 Å above the substrate
for pristine graphene in the FCC regions and 3.27 Å for the HCP regions,9 based
on ab initio density functional theory (DFT). In the ATOP region, where the Ir
atoms are positioned directly below the centre of the carbon rings,11 a higher
average height with a maximum of 3.62 Å is found.

It is known from earlier works that graphene on Ir(111) can be functionalised
to varying levels by exposure to hot (T > 1700 K) atomic hydrogen, at varying
substrate temperatures.19 We have previously shown, by a combination of scan-
ning tunnelling microscopy (STM), X-ray standing waves (XSW) and DFT, that for
hydrogenation at high substrate temperatures (HT), ca. 600 K, hydrogenation only
occurs at the HCP regions18,19 leading to the formation of graphane-like clusters
where the C atoms alternately bind to a hydrogen atom above the graphene and to
a surface Ir atom at the graphene–Ir(111) interface.18 Hydrogenation at interme-
diate temperatures (IT), ca. 550 K, results in the functionalisation of both the HCP
and FCC regions, as observed by scanning tunnelling microscopy (STM).19 It is
expected that the functionalised FCC regions resemble the structures observed in
HCP regions due to similar registry between the graphene sheet and the Ir surface
in these two regions.

Hydrogenation at room temperature (RT), ca. 300 K, results in a higher level of
functionalisation, as observed in STM and X-ray photoelectron spectroscopy
(XPS).4,5,19 Since, in the ATOP region, the C and Ir atoms are out of registry,
graphane-like clusters are not expected to form in the same way as in the HCP and
FCC regions. As STM and DFT studies show the formation of H-dimers on both
graphite16,17 and graphene on SiC(0001)6 aer exposure to atomic hydrogen, it has
been suggested that dimers might also form in the ATOP regions of graphene on
Ir(111).4 The presence of dimer structures in the ATOP regions has, however,
never been imaged directly by STM, as this technique itself is not capable of
resolving any detailed structures at high level of functionalisation due to the
large-scale changes in electronic structure induced by the hydrogenation.5,19

The complex evolution of the structure of hydrogenated graphene is clearly seen
in the C 1s photoemission spectra, which become more complex with increasing
extent of functionalisation. In earlier XPS works, the C 1s spectrum of fully satu-
rated H-graphene exhibits a minimum of four components labelled Ca, Cb, Cc, and
Cd in order of decreasing binding energy.4Here, the Cc component was attributed to
the pristine sp2 carbon, and even at the saturation level of functionalisation it has
a minimum of ca. 30% of the total C 1s intensity. The structure of this remaining
pristine graphene remains unclear. Similarly, the same study reveals that the
component Cb represents sp

3-hybridised C in graphene-like clusters. This structure
was recently determined by XSW in a sample hydrogenated at 600 K.18However, the
structures of the remaining two components, Ca and Cd, are to date unstudied by
XSW, although it has been suggested that the Ca component predominantly
represents dimers forming in the ATOP regions and that the Cd component
represents sp2-hybridised C atoms neighbouring sp3-hybridised C atoms.4

In this work, we expand the analysis of these more complicated photoemission
spectra using a combination of high resolution XPS and XSW measurements
obtained as a function of the substrate temperature during hydrogenation. Our
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 178–190 | 179
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results lead us to question the standard view of the assignment of peaks and
provide greater insight into the selective functionalisation of graphene. In
particular, in addition to presenting novel XSW results for the IT and RT hydro-
genated samples, we also rene the analysis of the HT XSW data18 in order to t
the data consistently across the temperature dependent data sets.

Experimental procedures
Experimental setup

The XPS and XSWmeasurements were performed at the permanent end station of
the I09 beamline22 at the Diamond Light Source. The photoelectron spectroscopy
data was acquired using a Scienta EW4000 HAXPES analyser mounted in the
horizontal plane at a 90� angle from the incident radiation. The light source
consists of two separate undulators for providing so and hard x-rays that irra-
diate onto overlapping spots on the sample. The so X-ray light was used to
obtain the high resolution XPS data (HR-XPS) and the hard X-ray light to obtain
the hard X-ray photoelectron spectroscopy (HAXPES) and XSW data.

Graphene growth and hydrogenation

Graphene was produced on the (111) face of an Ir single crystal via the chemical
vapour deposition method.10

First, the room temperature sample was exposed to a pressure of p ¼ 2 � 10�7

mbar of ethylene (C2H4) for two minutes. Then, the sample was quickly heated to
1470 K while maintaining the ethylene pressure, and then cooled to ca. 1220 K. At
this point, the pressure of ethylene was increased to 4 � 10�6 mbar for four
minutes. The ow of ethylene was shut off, and the sample ash annealed to 1470
K before cooling to room temperature.

Prior to the functionalisation with hot atomic hydrogen, the quality of the
graphene was examined by XPS.

Hot atomic hydrogen was produced by passing molecular hydrogen gas
through a tungsten capillary heated by an electric current (T > 1700 K). The
sample was heated to the desired temperature before being exposed to the H-
beam until saturation coverage was achieved for a given sample temperature
(background H pressure of 5 � 10�7 mbar for 45 min).

Each sample was allowed to cool down to room temperature before any
photoelectron measurements were performed.

X-ray photoelectron spectroscopy and standing wave measurements

For each hydrogenated sample, several photoemission spectra of the C 1s orbital
were acquired: a high-resolution spectrum acquired at a photon energy of 435 eV,
as well as a measurement series of 42 HAXPES for the HT measurement and 40
HAXPES each for the IT and RT measurements with photon energies from within
a narrow region around the Bragg energy. For Ir(111), this corresponds to 2798 eV
at normal incidence. For each photon energy, the reectivity of the sample was
measured as well. Due to the low count rates, the XSW measurement series were
repeated on several different spots on the sample, and the spectra acquired at the
same photon energy were summed to obtain a single measurement series with
a better signal-to-noise ratio.
180 | Faraday Discuss., 2022, 236, 178–190 This journal is © The Royal Society of Chemistry 2022
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XSW exploits the standing wave eld created when the photon energy is close
to the Bragg energy. Interference between the incoming and diffracted light
creates a standing wave, whose periodicity is that of the Ir crystal between the
(111)-planes, d111 ¼ 2.216 Å. The phase variation with photon energy provides
a characteristic modulation of each individual C 1s component in the spectra.
This modulation depends on the average adsorption height for the
component.32

The resulting absorption curves were tted using dynamical diffraction theory7

using two dimensionless structural parameters, both taking values between 0 and
1: the coherent position (P111) and the coherent fraction (F111). The coherent
position corresponds to the average height of the atomic species expressed as
a fraction of the standing wavelength. A coherent position of 0 or 1 corresponds to
being in-plane with the extension of the crystal lattice, and two atoms positioned
exactly one lattice periodicity apart will be indistinguishable.20,32 Given the peri-
odicity of the standing waveeld, the average height h equals h ¼ d111(n + P111),
where n is an integer. A value of n ¼ 1 has been found to be appropriate for
pristine graphene,9 as well as graphane-like clusters in H-graphene on Ir(111),18

and it will be assumed to apply throughout this article.
The coherent fraction is oen interpreted as an order parameter. Flat struc-

tures will have high coherent fractions, and thus a decreasing value of the
coherent fractions will oen indicate an increase in the level of corrugation.20

In the HAXPES data, components have signicantly larger Gaussian widths,
which is primarily an effect of the energy resolution at different photon energies
(ca. 0.01% of the photon energy), as well as the higher pass energy used for XSW
measurements compared to HR-XPS.
Fitting procedures

The analysis of the spectra was performed with KolXPD.34 All spectra have been
tted using a linear background and a number of peaks to represent individual
components. Within a spectrum, all components were forced to have the same
Lorentzian width. For each high-resolution spectrum, as few components as
possible were used. The acquired number of components and binding energies
were then used to t the XSW spectra. All acquired tting parameters are tabu-
lated in Table 1.

Correction of the binding energies with respect to the Fermi level is possible
for the HR-XPS, but it is not practical for the HAXPES due to the low count rates.
Rather, the components in HAXPES and HR-XPS have been assumed to exhibit
the same separations in binding energy as well as relative intensities.

When tting the XSW spectra, all spectra acquired for one sample were
described by components that can only vary in intensity across spectra, while the
widths and binding energies of each component were kept constant for all photon
energies. The process of nding the best possible tting parameters is highly
iterative, and several criteria have to be considered:

Firstly, any set of tting parameters should provide as high coherent fractions
as possible for all components, since higher values are mathematically more
likely to represent a single atomic species.20

Secondly the relative intensities of the different components were assumed in
the off-Bragg spectra (2792 eV) to be similar to those of the HR-XPS.
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 178–190 | 181
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Table 1 Fitting parameters for each component in the C 1s photoemission spectra, as well
as for the relative absorption curves. The Lorentzian width (L. wid.) is the same for all
components within a spectrum, as well as for the high-resolution spectra and the cor-
responding HAXPES. The HT spectra are taken at a different time and with different
settings than the IT and RT spectra, and thus the difference in the Lorentzian width is of
little concern. The Gaussian width (G. wid.) refers to the high-resolution spectra and is
generally wider in the HAXPES. The share refers to the relative intensity of that component
calculated as the intensity of each component divided by the sum of the intensities of all
components in the spectrum. The spectra taken at 435 eV and 2792 eV on the same
sample should provide similar shares for all components. The intensity of the Cd

component is too low for structural analysis, and its median height is therefore omitted

Values from ref. 18 HT IT RT

Err/N 3.80 2.25 1.84 1.25
L. wid./eV 0.13 0.10 0.13 0.12
Ca BE/eV Cc + 0.73 Cc + 0.73
Share 10% 34%
G. wid./eV 0.60 0.62
F111 0.61(5) 0.55(4)
P111 0.03(2) 0.05(2)
Height/Å 2.28(4) 2.33(4)
Cb BE/eV Cc + 0.44 Cc + 0.30 Cc + 0.30 Cc + 0.30
Share 33% 34% 31%
G. wid./eV 0.70 0.60 0.63
F111 0.41(2) 0.56(6) 0.67(8) 0.65(3)
P111 0.02(3) 0.05(3) 0.10(3) 0.02(1)
Height/Å 2.26(7) 2.33(7) 2.44(7) 2.26(2)
Cc BE/eV 284.18 284.18 284.24 284.19
Share 67% 56% 26%
G. wid./eV 0.26 0.24 0.27
F111 0.48(3) 0.65(3) 0.52(2) 0.48(4)
P111 0.56(1) 0.57(1) 0.56(1) 0.45 (2)
Height/Å 3.46(2) 3.48 (2) 3.46(2) 3.21(4)
Cd BE/eV Cc � 0.21
Share 9%
G. wid./eV 0.46
F111 0.21(9)
P111 0.00(8)
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Thirdly, the Lorentzian widths, which arise due to the life-time broadening of
the core hole, were set to the value obtained from the t of the HR-XPS.

Fourthly, the Ca and Cb components in the RT spectra were forced to have the
same Gaussian width in the XSW spectra, as they have similar widths in the high-
resolution spectrum.

Fihly, coherent fractions above 0.8 were considered articially high due to the
inherent corrugation within the graphene layer.
Results and discussion
Photoemission results

In Fig. 1 XPS and XSW C 1s photoemission spectra acquired on a sample
hydrogenated at 600 K (HT) are displayed. At this temperature, only the HCP
regions are expected to functionalise.18,19 The HR-XPS data obtained at 435 eV
182 | Faraday Discuss., 2022, 236, 178–190 This journal is © The Royal Society of Chemistry 2022
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Fig. 1 C 1s photoemission spectra acquired on a sample hydrogenated at 600 K (referred
to as HT in the text). (a) The high-resolution spectrum acquired at a photon energy of
435 eV. The Cb component (blue) and Cc component (green) area separated by 0.30 eV in
binding energy. (b) The same sample measured at a photon energy of 2792 eV. (c) Relative
absorption of the Cc component with best fit to structural parameters (green) and the
reflectivity of the crystal (black) as a function of photon energy. Arrows indicate proper
axes. (d) Relative absorption of the Cb component with best fit to the structural param-
eters. This data has been reproduced from ref. 18 with permission from the Royal Society
of Chemistry, and it has been revisited and reanalysed for this work. The exact fitting
parameters can be found in Table 1.
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photon energy and the XSW data obtained at a photon energy of 2972 eV can both
be tted using two components (Cc and Cb). Previously, when analysing the HT
spectra,18 we constrained our ts to the tting parameters described in ref. 4.
However, by using the tting procedure laid out above and tting the HT spectra
with the two components (Cc and Cb), we obtained the best t with a binding
energy shi between the two components of 0.30 eV, instead of the 0.44 eV used in
the tting of our prior work, as shown in Fig. 1. This resulted in not only a better
numerical t to the HR-XPS (normalised error of the t decreasing from 3.80 to
2.26), but also, notably, this subtle change in the relative binding energy of the
two peaks results in a signicant difference in the resulting coherent fractions of
both species. Specically, for Cc/Cb respectively, the coherent fractions increased
from 0.41(2)/0.43(5) to 0.65(3)/0.56(7). Nevertheless, the coherent position did not
change signicantly, 0.56(1)/0.02(3) and 0.57(1)/0.05(3), corresponding to average
heights of 3.46(2) Å/2.26(7) Å and 3.48(2) Å/2.33(7) Å, respectively. All structural
values are tabulated in Table 1.

The average adsorption height for the sp2 species is close to the values
observed for pristine graphene in other works, 3.38(4) Å in ref. 9 and 3.41(4) Å in
ref. 18, although the coherent fraction is signicantly higher for the measure-
ments on pristine graphene, 0.74(4) in ref. 9 and 0.74(1) for ref. 18, indicating an
increased corrugation in the HT functionalised graphene. The average adsorption
height for the Cb component of 2.26(7) Å is in good agreement with the
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 178–190 | 183
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theoretically predicted height for C atoms in sp3-hybridised graphene-like clus-
ters. As the Cb component comprises 33% of the overall signal, the HCP regions
are likely fully hydrogenated.

In Fig. 2 the HR-XPS and XSW measurements for the sample hydrogenated at
550 K (IT) are displayed. The intensity is visibly increased on the high binding
energy end of the spectrum compared to that of HT. Utilising the described tting
approach, we t the IT spectra with three components: Ca, Cb and Cc, as shown in
Fig. 2. The binding energy for the Ca component was found at 0.73 eV above that
of the Cc component, with a Ca–Cb separation of 370 meV, thus 60 meV smaller
than that reported in ref. 4. Fitting of the XSW data resulted in very similar
coherent position for Cc as that found for the HT sample, 0.56(1), corresponding
to 3.46(2) Å on average, though the coherent fraction decreased signicantly to
0.52(2). This indicates a higher degree of corrugation in the remaining sp2

regions. The coherent fraction of the Cb component in the IT sample increased to
0.67(9) and the coherent position also increased slightly to 0.10(4)/2.44(7) Å. Both
values, however, have overlapping condence intervals with the HT values. The
new Ca component has a coherent fraction and coherent position almost identical
to those of the Cb component of the HT sample: 0.61(5) and 0.03(2)/2.28(4) Å,
respectively.
Fig. 2 C 1s photoemission spectra acquired on a sample hydrogenated at 550 K (referred
to as IT in the text). (a) The high-resolution spectrum acquired at a photon energy of
435 eV. Along with the Cb (dark blue) and Cc (green) components observed at HT, the Ca

component (light blue) is present. (b) The same sample measured at a photon energy of
2792 eV. (c) Relative absorption of the Cc component with best fit to structural parameters
(green) and the reflectivity of the crystal (black) as a function of photon energy. Arrows
indicate proper axes. (d) Relative absorption of the Cb component with best fit to the
structural parameters. (e) Relative absorption of the Ca component with best fit to the
structural parameters. In the XSW spectra we see evidence of beam damage in the form of
significant hydrogen desorption. This affects the quality of the XSW fits. The exact fitting
parameters can be found in Table 1.
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We note that the IT spectra shows signicant beam damage in the XSW spectra
for the Cb species in the form of hydrogen desorption occurring during the
measurement. This is exemplied by the poor t of the XSW absorption prole,
where the low photon energy signal is signicantly more intense than the high
photon energy signal. This naturally inuences the quality of the t. Our data
shows that this effect is present but is far weaker in the HT and RT spectra than in
the IT spectra.

Finally, in Fig. 3, HR-XPS and XSW spectra for the room temperature (RT)
sample are presented. Compared to the IT and HT spectra, this sample exhibits
a strong increase of the higher binding energy components, as well as a small
shoulder at lower binding energy. To t this spectrum, we added the fourth
component Cd at 0.21 eV below the Cc component (compared to 0.27 eV from
ref. 4). However, we note that Cd is very weak, thus the t is likely not unique. For
the RT spectrum we obtain a 34 : 31 : 26 : 9 ratio for the four components: Ca, Cb,
Cc and Cd, respectively. As the remaining Cc coverage is comparable to the 30% of
Cc remaining at the highest coverage in ref. 4, we expect that this sample is
hydrogenated to saturation coverage. Including a h component in the t on the
Fig. 3 C 1s photoemission spectra of a sample which was hydrogenated at room
temperature (referred to as RT in the text). (a) The high-resolution spectrum acquired at
a photon energy of 435 eV. All four components, Ca (light blue), Cb (dark blue), Cc (dark
green), and Cd (light green), are present. (b) Photoemission spectrum acquired at a photon
energy of 2792 eV using all components, as in (a). The low intensity of the Cd component
cannot be properly replicated at high photon energies due to the much lower resolution.
(c) Relative absorption of the Cc component with best fit to structural parameters (green)
and the reflectivity of the crystal (black) as a function of photon energy. Arrows indicate
proper axes. (d) Relative absorption of the Cb component with best fit to the structural
parameters. (e) Relative absorption of the Ca component (blue) and Cd component (green)
with best fit to the structural parameters. The Cd component produces no discernible
signal apart from a replication of the reflectivity. The exact fitting parameters can be found
in Table 1.

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 178–190 | 185

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00122a


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
6 

M
ay

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

3/
20

25
 1

2:
52

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
high binding energy side did not result in a signicant improvement to the t.
The tting of the XSW data shows a largely unchanged coherent fraction for Cc

compared to IT at 0.48(4), but a signicant decrease in the coherent position
down to 0.45(2)/3.21(4) Å. Ca and Cb exhibit coherent fractions of 0.55(3) and
0.65(3), respectively, which are similar to the values obtained in the IT and HT
samples, but with a slightly increased coherent position for Ca, 0.05(4)/2.33(9) Å,
as well as a slightly decreased coherent position of Cb, 0.02(1)/2.26 Å.

Finally, the intensity of the Cd component is too low to be resolved in the XSW
spectrum. The absorption curve for this component in Fig. 3e simply replicates
the general reectivity of the crystal with a coherent position that is indistin-
guishable from 0 and with a low coherent fraction. Therefore, the resulting values
are most likely not representative of the structure of this species.
Functionalised structures

We note that, in the tting presented here, the relative coverage of the Cb

component remains stable across all three samples (ca. 30% of the overall signal).
As this is the case even in the HT sample, where the HCP regions are function-
alized, this strongly indicates that the Cb component exclusively represents sp3-
hybridised C atoms and, thus, graphene-like clusters, as observed in ref. 18 within
the HCP regions. This assignment is further supported by the fact that the
coherent position and the coherent fraction of the Cb component barely differs as
a function of the sample preparation when taking the beam damage in the IT
spectra into account.

The strong agreement between the values of the coherent fraction and position
for the Ca and Cb components indicate that both of these two components
represent the same hydrogenation structure. Therefore, both components
represent graphane-like structures. In combination with previous STM and DFT
results19 that correlate lower substrate temperatures with increasing hydrogena-
tion in the FCC regions, this indicates that the Ca component relates to graphane-
like structures in FCC regions.

In principle, the Ca component could also arise due to the increasing size of
graphene-like clusters in the HCP regions when H is deposited at intermediate
temperature. However, based on the deposition temperature and the high
observed intensity of the sp3 component in the HT spectra, we expect that both
the HT and IT samples contain fully functionalized HCP regions.19 Note that for
the relative intensities of the three signals (Ca, Cb and Cc), a ratio of 10 : 34 : 56
(respectively) is observed at IT. As the 34% intensity of the overall signal in the Cb

component is in good agreement with the value obtained for the HT sample, any
additional functionalisation in the FCC regions must contribute to the Ca

component. This is consistent with earlier STM measurements performed on
both types of samples, which show that the FCC regions are functionalised to
a much lower degree than the HCP regions at elevated temperatures.19 Therefore,
hydrogenating only around a third of the FCC carbon atoms (ca. 10% of the
overall signal) at 550 K is a realistic gure.

This signicant difference in reactivity, as well as core level shi between the
functionalised C atoms in the FCC and HCP regions, is striking, since the registry
between the graphene sheet and the surface layer of Ir atoms is identical. Instead,
the difference between the regions stems from the position of Ir atoms in the
186 | Faraday Discuss., 2022, 236, 178–190 This journal is © The Royal Society of Chemistry 2022
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second and third Ir layer below the surface with respect to the C atom binding to
H. In the more reactive HCP sites, the C atom is positioned above an Ir atoms in
the third layer from the surface, while the C atoms in the less reactive FCC region
are above an Ir atom in the second layer. Such an effect is surprising, but
differences in the reactivity of the HCP and FCC regions of graphene in Ir(111)
have previously been observed elsewhere.5,18,19

By comparing all three samples (HT, IT, and RT), the coherent fraction of the
Cc component, representing the pristine parts of the graphene sheet, is seen to
gradually decrease with increasing level of functionalisation, though the decrease
in coherent fraction between the IT and RT cases is not signicant. As the
graphane-like clusters in the HCP and FCC regions grow, a larger part of the
graphene sheet is pinned to the substrate. The observed lower coherent fraction
is, thus, a result of an increasing corrugation in the remaining pristine parts. This
is in broad agreement with previous DFT calculations.18 The coherent position of
the Cc component remains constant in the HT and IT spectra compared to the
value obtained for pristine graphene,9,18 but decreases signicantly in the RT
sample. This signies that the sp2 C atoms are being strongly pulled down
towards the Ir substrate with the increasing relative coverage of graphane-like
regions from IT (41%) to RT (65–74%, the latter number including the Cd

component). Note that most of the difference observed between the IT and RT
spectra is due to increasing hydrogenation in the FCC regions rather than the
ATOP regions.

What remains unclear is the extent of hydrogenation in the ATOP regions and
its contribution in the RT sample to the C 1s spectra. The earlier proposed dimer
structures in ATOP regions could in principle be assigned to the Cd component, as
this component appears only in the RT spectra. It is, however, not considered
likely, due to the high thermal stability of the Cd component.4

Neither is the Ca component likely to represent such structures. The relative
area of the Ca component in the RT spectra is 34%, and it is only marginally more
intense than the Cb component at 31%. As the sp3 C atoms in the FCC region were
assigned to the Ca component, realistically at most 10% of the Ca signal (�3% of
all C atoms) may arise from hydrogenation in the ATOP regions. Our analysis
reveals that there is no notable change in the structural parameters for the Ca

component, compared to the IT sample. However, any major functionalization of
ATOP regions is expected to increase the coherent position, as well as reduce the
coherent fraction, due to the large spread of such H clusters in the corrugated
graphene. Furthermore, there is only an insignicant decrease in the coherent
fraction of the Cc component in going from the IT to the RT sample, indicating no
signicant rehybridisation. Hence, the results presented here do not support the
presence of dimer structures in ATOP regions at any signicant coverage.

The excess of functionalisation beyond what is expected by the hydrogenation
of the FCC and HCP regions alone could be due to the H-clusters expanding to the
out of registry regions at the edges of the graphane-like clusters. Such a change
would be consistent with the decrease in coherent position of the Cc component
from the IT to the RT sample, as the majority of the graphene sheet is now pinned
to the substrate. Since the sp3 C atoms near these edges are not directly above an
Ir atom, this would lead to a strong deformation around these atoms. Such
regions may potentially contribute to the Cd component.
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 178–190 | 187
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Conclusions

The XPS and XSW analysis of the C 1s core level is performed for three separate
samples of hydrogenated graphene on Ir(111) with varying levels of hydrogena-
tion. At least four components are necessary for a full description of the spectra.
These components are labelled Ca, Cb, Cc, and Cd in order of decreasing binding
energy. By selective hydrogenation of the moiré parts, the contributions of each
part of the supercell to individual components have been identied as follows: the
Cb component can be ascribed exclusively to sp3 in graphane-like carbon in the
HCP regions. Hydrogenation of the FCC region results in a graphane-like
conguration, as was previously determined for the hydrogenation of the HCP
region.18 The Ca component is primarily related to the sp3 carbon in these clus-
ters, with a possible minor contribution from ATOP region functionalisation. Our
results indicate a surprising signicant difference in binding energy, as well as
reactivity, for the carbon atoms in the HCP and FCC regions.

The Cc component, representing pristine sp2-hybridised carbon, was shown to
increase its corrugation with increasing functionalisation, and it was found to
move towards the Ir substrate at the highest level of hydrogenation. Even at the
saturation level of hydrogenation, this component remains at above 25% relative
intensity. Finally, the Cd component, which only appears in samples hydrogenated
at room temperature, has too low an intensity for a condent analysis using XSW.
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