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1. Plasma treatment reversibility

For the plasma treatments discussed in the main paper, treatment times of 35 and 30s were
chosen for the H, and O, plasma respectively. Longer treatment times led to irreversible damage
to the graphene as can be seen in the Raman spectra of Figure S1. After 45 seconds of H, plasma
treatment the defect related D-band (1350cm™) remains present in the Raman spectrum after
ALD deposition and annealing, showing that the functionalization is only partly reversed (Figure
S1a). For the O, plasma treatments beyond 30s the effect is even stronger, the 2D-peak (2690cm™
" almost completely disappears after plasma treatment, and the peaks broaden significantly. The
peak-broadening indicates the formation of a-carbon, which can no longer be converted back to
graphene in the subsequent ALD and annealing steps. The Hall measurements (Figure S1c) also
show that the graphene is irreversibly damaged by the longer plasma treatments. An O, plasma
treatment of Imin leads to a reduction of the mobility of more than 98% and cannot be recovered
after ALOs; ALD and subsequent annealing at 400°C. After a 45s H, plasma treatment the
mobility recovers, after ALD and annealing, to only 44% of its original value. Indicating that
also in the functionalization process becomes irreversible for longer plasma treatment times,

possibly due to ion bombardment damage of the graphene.
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Figure S1: Plasma treatment reversibility as determined by Raman spectroscopy for a) 45s H, plasma treated sample and
b) 1 min O, plasma treated sample and c) the mobility of the samples, after each processing step. The pristine samples
were annealed at 400°C before measuring. The ALD was performed at 200°C for 100 cycles.



2. ALLO3; coverage on plasma treated graphene as function of the
number of ALD cycles

a) Pristine 50-cycles b) Pristine 75 cycles c) Pristine 100 cycles

d) O, plasma 50 cycles e) O, plasma 75 cycles f) O, plasma 100 cycles
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Figure S2: SEM images showing the Al,O; coverage on pristine graphene a,b,c) 30s O, plasma treated graphene d,e,f) and
35s H, plasma treated graphene for 50, 75 and 100 ALD cycles respectively.



3. Selection of the Simulation Models for Hydrogenated
Graphene

For hydrogenated graphene (HG), most theoretical studies have addressed only the double-sided
(or fully) HG, viz. graphane (abbreviated here as DSHG), following the original proposition by
Sofo et al.' Conversely, the single-sided (or semi-)hydrogenated graphene, viz. graphone
(abbreviated here as SSHG) was introduced by Zhou et al., but it has attracted considerably less
attention possible due to its evidenced tendency to roll up in its free-standing form.’
Nevertheless, considering that the functionalization of graphene is performed after being placed
on a Si0,/Si support rather than isolated sheets, we use the single-sided form (graphone) in our
analysis. Functionalization of either one or both sides of graphene determines maximum amount
of functionalities. Relevantly, previous ab initio DFT calculations™ suggested that loading —H
functionalities on a single side of graphene becomes energetically highly unfavorable for
coverages over 25%. This stoichiometry was confirmed by XPS studies.® In contrast, full
coverage (C:H ratio being 1) can be achieved for double-sided hydrogenation.
Among the seven different stereoisomers considered for fully hydrogenated graphene (i.e.
DSHG), the chair conformation was repeatedly found to be the lowest-energy one (see ref.’ and
references therein), whereas stirrup conformation is slightly less stable (by ca. 0.05 eV).
Experimental STM studies recently seconded that DSHG indeed assumes a chair conformation.®
Likewise, Zhou et al.” proposed that graphone (SSHG) is formed in a chair configuration (but
with 50% H-adatom coverage), but this form was later shown to be very weak.”” In line with
these studies, our DFT calculations predict that hydrogens of graphone can easily leave the
surface with a chair decoration upon binding of a TMA precursor. Conversely, a stirrup

conformation is predicted to be much more stable, in accord with the preference of H atoms to



form pairs on graphene surface.’ In addition, an honeycomb configuration was predicted to have
the lowest formation energy for graphone (SSHG) with 25% H-loading, and also detected in the
STM images of C4H crystals.® Considering the diversity in structure models, we employed the
most representative ones with different decoration and coverages for simulating the

hydrogenated graphene, as illustrated in Figure S3g,f.

4. Supporting Figures Theoretical Calculations

(c) Hydroxylated GO (double-sided) (d) Mixture — random distribution




(g) Single-sided Honeycomb (25% coverage) (f) Single-sided Stirrup (25% coverage)

Figure S3: Ball-and-stick representation of the models (supercells) used for simulating oxygenated and hydrogenated
graphene in current DFT calculations. Colour code, C: brown; O: red; H: pink-white.
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[-0.54 eV] [0.38 eV]

10



Single-Sided Hydrogenated Graphene (Honeycomb Conformation)
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Figure S4: DFT-predicted structures of the lowest-energy (left) physisorbed and (right) chemisorbed species (resulting
from different pathways) [and their relative energies| associated with the TMA adsorption on pristine (bare) graphene,
oxygenated graphene (i.e. graphene oxide) and hydrogenated graphene surfaces.
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Figure S5: PBE-D3 level minimum energy paths corresponding to the different reaction pathways for TMA precursor
binding on pristine graphene. First and last points on the reaction coordinate correspond to the physisorbed and
chemisorbed species, respectively. Physisorbed species is -0.53eV with respect to the separated species (TMA and pristine
graphene).
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(a) (C-0)* + AlMe; — (C-0)-AlMe* + Me; )
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Figure S6: PBE-D3 level minimum energy paths corresponding to the different reaction pathways for TMA precursor
binding on (a) epoxydated and (b) hydroxylated graphene oxide. First and last points on the reaction coordinate
correspond to the physisorbed and chemisorbed species, respectively. Physisorbed species of (a) and (b) are -1.70eV and -
0.4 eV with respect to the separated species (TMA and epoxydated GO or hydroxylated-GO).
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(a) Two-step process (stepwise H, and CH;, release)

(al) 2(C-H)* — C-C + H, ¢y
AE,=0.18eV, AE,=-0.75¢eV.
(a2) (C-H)* + A1M63 — C-AlMez* + CH4 (2)

AE;= 0.05¢V, AE=-0.89¢V.
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(b) Two-step process (stepwise H, and CH, release)

(b1) 2(C-H)* — C-C + Hs (g
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Figure S7: PBE-D3 level minimum energy paths corresponding to the different reaction pathways for TMA precursor
binding on (a) single-sided stirrup and (b) single-sided honeycomb. First and last points on the reaction coordinate
correspond to the physisorbed and chemisorbed species, respectively. Physisorbed species of (a) and (b) and (c) are -
0.54eV and -0.44eV with respect to the separated species (TMA and single-sided HG).
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5. Effect of the SiO, substrate on TMA Binding.

In order to check if the SiO, substrate has an effect on the TMA adsorption on pristine graphene,
we have considered the hydroxylated a-quartz (001) surface slab model (as discussed in depth in
ref.'’) in our DFT calculations, while keeping the same DFT settings as used for the free-
standing graphene case. The resulting DFT energies and corresponding minimum structures are
compiled in Figure S8. Evidently, the physisorption energy differs only very slightly (-0.53 eV
vs. 0.52 eV) upon the addition of a hydroxylated SiO, support. Likewise, for the chemisorption
of TMA via the most feasible route involving a methyl transfer, binding energy is affected by the
Si0, substrate again only insignificantly (1.84 eV vs. 1.82 eV). The rather minute substrate
effect can be ascribed to the H-passivation of SiO,, following from the spontaneous
hydroxylation of a freshly-cleaved SiO, upon air exposure.'’ This passivation mitigates the
strength of the interaction between SiO; substrate and graphene, which is mostly through non-
bonded interactions rather than bonded ones that fade rapidly with increasing separation of the

two subunits.

Free-standing

2 C* + AlMe; — C-AlMe,* + C-Me*

[-0.53 eV] [1.84 V]

with SiO2 substrate
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2 C* + AlMe; — C-AlMey* + C-Me*
[0.52 V] [1.82 eV]

Figure S8. DFT-predicted structures of the lowest-energy (left) physisorbed and (right)
chemisorbed species [and their relative energies] resulting from the TMA adsorption on (top)
free-standing and (bottom) SiO;-supported pristine graphene.
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