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Abstract:

Bulk scale syntheses of sp? nanocarbon have typically been generated by extensive
chemical oxidation to yield graphite oxide from graphite followed by a reductive step.
Materials generated via harsh random processes lose desirable physical characteristics.
Loss of sp? conjugation inhibits long range electronic transport and the potential for
electronic band manipulation. Here we present a nanopatterned holey graphene (HG)
material electronically hybridized with metal containing nanoparticles. Oxidative
plasma etching of highly ordered pyrolytic graphite (HOPG) via previously developed
COF-5 templated patterning yields bulk scale material for electrocatalytic applications
and fundamental investigations into band structure engineering of nanocomposites. We

establish broad ability (Ag, Au, Cu, and Ni) to grow metal containing nanoparticles in



patterned holes in a metal precursor dependent manner without reducing agent.
Graphene nanoparticle compounds (GNCs) show metal contingent changes in valence
band structure. Density functional theory (DFT) investigations reveal preferences for
uncharged metal states, metal contributions to the valence band, and embedding of
nanoparticles over surface incorporation. Ni-GNCs show activity for oxygen evolution
reaction (OER) in alkaline media (1 M KOH). Electrocatalytic activity exceeds 10,000
mA/mg of Ni, stability for two hours of continuous operation, and is kinetically

consistent via Tafel slope with Ni(OH)2 based catalysis.

Introduction:

Graphene’s intensive research effort has been justified in the numerous results
generated for a variety of potential applications.!” Many prominent results have been
in the unique electronic properties of the layers of sp? carbon and their potential as
electrocatalytic supports and materials.'%!® While the incorporation of graphene oxide
and reduced graphene oxide into composites with a variety of heteroatom doping has

1921 1ess consideration has been directed at the

received substantial attention,
possibilities of materials which retain sp?> conjugation. So-called holey graphene
materials have been synthesized in a variety of routes but most commonly through the
further oxidation of graphene oxide materials.?*2® These materials have already lost sp?
conjugation through the initial oxidation process and therefore lack some of the crucial
electronic properties needed for use in functional materials. To generate the milligram

scale of material needed for electrocatalytic applications while also retaining sp?

conjugation, we have developed a synthetic procedure for the generation of high-



density holes in highly ordered pyrolytic graphite (HOPG) and exfoliation of these

materials into aqueous environments.

Here we present a scalable technique for the generation of holey graphene (HG)
(average of 38% mass exfoliated from a given flake n = 27) derived from HOPG
(Scheme 1). HG is synthesized by solvothermal growth of a covalent organic
framework (COF) template onto HOPG flakes followed by reactive ion etching (RIE).
Production of HG by this method has several distinct advantages over current synthetic
techniques. Relatively large sheets measuring micrometers in diameter are densely
decorated with few nanometer sized holes imprinted from the patterned COF. Both
metal nanoparticles and metal containing nanoparticles can be grown into the holes at
room temperature without the use of additional reducing agents. The hypothesized
mechanism for this growth is the intact conjugated sp? network donating electrons to
facilitate reduction of the metal ions forming nanoparticles in addition to further
oxidation of the holey graphene edge moieties. The patterned holes of the HG act as
confining sites restricting the overall size of the nanoparticles preventing nanoparticle
aggregation. The nanoparticles are held in place by the underlying HG even under the
presence of high-energy electron beams (200 KeV). Spherical size-limited nanoparticle

growth is dictated by the relative ratio of metal salt precursor to HG.
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Scheme 1: Synthesis of holey graphene (HG) from HOPG and deposition of metal

nanoparticles inside holes to yield graphene nanoparticle compounds (GNCs).

Results and Discussion:

For the process of RIE-COF-5 patterning tight control over both the COF
growth and RIE conditions must be considered.”” If the ratio of
hexahydroxytriphenylene to phenylbisboronic acid (HHTP:PBBA) falls outside of the
precise ratio (1:3 molar ratio), the patterning is inconsistent leading to under patterning
or over patterning if the HHTP is too high or too low respectively (Figure S1).
Additionally, a wide range of RIE conditions were explored (Figure S2). Previously in
the case of single layer graphene, we optimized hole formation based on the electronic
properties (current on/off ratio) of field-effect transistor (FET) devices.® Here we
optimize RIE conditions based on both perceived discrete hole formation in SEM as
well as Raman characteristics like formation of D peak (1610 cm™) and relatively small
D (1350 cm™) to G (1500 cm™) ratios (Figure S3).3! Another consideration here is the
formation of relatively deep holes inside HOPG to maximize material generated. RIE
conditions can be challenging to optimize due to the relatively thin layer of COF-5
present (<100 nm), as observed in our previous investigation into single layer
graphene,”’” which can be entirely removed in over-etching conditions. Optimization
was initially performed with respect to RIE pressure and power while holding time
constant. After identifying desired morphological characteristics from the pressure and
power conditions, time was optimized to yield deepest patterning to maximize the
production of material. The goal of the optimization was to optimize contiguous flake
size while achieving dense and deep patterning of holey features. While two primary
conditions emerged as viable, only 200 mTorr with 100 W for 30 seconds was selected

for further study to limit redundancy.



The finalized condition and the patterning yielded can be seen via SEM (Figure
l1a). Dense features are present across large areas of HOPG flake and contiguous flakes
that are larger than one micrometer in diameter can be identified. Exfoliation into pure
water can yield substantial amount of material that are synthesis-dependent. After three
hours of sonication, as little at 0.1 mg/mL can go into solution and as much as 1 mg/mL
can be present for the same RIE conditions. TEM observations of ten times diluted
solutions can be used to evaluate the retention of patterning after exfoliation (Figure
1b). Large flakes can still be identified in the TEM images with dense patterning of
nanometer sized features (4.30 nm + 1.52 nm, n = 83). After stirring with an optimized
concentration of metal salt solution for one-hour, numerous nanoparticles can be
identified (Figure 1c). The formed nanoparticles have a relatively small size distribution
(2.86 nm + 0.66 nm, n = 43) with particle size that matches the COF hole pattern (2.7
nm) well. We expect a range of different hole pattern sizes due to the nature of the RIE
patterning. Patterning in general does not yield a completely anisotropic etch profile
leading to conical type etching into the HOPG flake. Therefore, HG in solution should
retain material that is ranging in hole distributions which can explain the discrepancy
between the material before and after nanoparticle reduction (Figure 1b and Ic).

AFM imaging of the patterned flakes after washing the residual COF from RIE
reveal correspondence between SEM and AFM imaging (Figure 1d). While the holes
show minor height differences as compared to the top of the flake the trenches formed
show more than 30 nm of height difference. This indicates patterning is potentially
reaching as deep as 100 layers into the HOPG, assuming 0.33 nm interlayer spacing.
The primary reason that AFM imaging does not reveal more depth for the top features
is the relatively small horizonal features which inhibit the tip from probing the deep

features. Trenches could be viewed as non-ideal patterning, but the density of the



trenches still leaves micrometer-sized flakes that are retained after exfoliation. AFM
images of exfoliated sheets reveal large sheets with a wider distribution of holes then
the as-patterned HOPG but still demonstrating single layer thickness (Figure 1e). Single
sheets are observed here (Figures 1b and 1le), but most of the material formed is
multilayer flakes as expected without special consideration devoted towards yielding
single layer material.*> 33 AFM images of the copper composite reveal correspondence
between TEM imaging of the size distribution of the nanoparticles and the height

distribution of the features observed by AFM (Figure 1f).
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Figure 1: Electron microscopy and atomic force microscopy (AFM) characterization
of the synthesis of GNCs. a) SEM of HOPG flake after RIE-COF-5 templated etching
under optimized conditions (scale bar 200 nm). b) TEM of exfoliated HG sheet (scale
bar 50 nm). ¢) HRTEM micrograph of HG copper nanoparticle composite utilizing
optimized growth conditions (2 mg/mL of copper(Il) chloride dihydrate). d) AFM of
RIE-COF-5 templated etching. ¢) AFM of exfoliated HG sheet on mica. F) AFM of HG



copper nanoparticle composite on silicon wafer. (Height profiles for each AFM

micrograph displayed below the respective micrograph).

Control experiments with no RIE failed to yield any exfoliation into water due
to dissimilar surface energies of HOPG and water. RIE processing without COF
templating yields material into water which is colloidally stable at lower concentrations
but lacks the holey structure of COF-templated procedure (Figure S4). There are two
primary differences between our synthesized material and this control experiment. For
HOPG without COF-5 after RIE processing, the observed zeta potential was much
larger, and the size of sheets was much smaller based on DLS and TEM (Figure S4 and
S5). The contrast between the holey material and the RIE control is the difference
between indiscriminate introduction of oxygen functionalities as compared to
purposeful control of defects. While more oxygen functionalities will convey more
colloidal stability, there is a lack of control in the resulting material and absence of
larger sheets that are potentially useful in applications that require longer distance

patterning.

Metal loading can be induced into the structures during a simple metal salt
stirring procedure performed at room temperature in the dark. Precluding light is used
to rule out the possibility of photoreduction reactions.** Introduction of nanoparticles
into HG shows both concentration and time dependence. Holey graphene concentration
before reactions is inferred from mass. Nanoparticle composites concentrations after
reactions are determined by UV-vis absorption calibration curve (Figure S6). For this
study we fixed the concentration of HG and varied the concentration of the metal salt.
Briefly, a colloidally stable solution of HG was mixed with a range of metal salt (0.1 —
10 mg/mL) while stirring for a range of times (1 hour to 6 hours). Composites were

recovered via centrifugation and washed several times with pure water to ensure



removal of residual metal salt. Removal of metal salt was in general observed by UV-
vis absorption spectroscopy (Figure S7). We envision widespread applications in
catalysis due to the strong electronic coupling present between the introduced metal

species and the underlying HG.

To elucidate the strong metal coupling between the HG and the metal
nanoparticles, we performed a series of high resolution XPS experiments (Figure 2).
High resolution carbon XPS reveals substantial differences of chemical moieties
present in the as-exfoliated HG and each of the nanoparticle composites tested (Figure
2a). The as-exfoliated HG shows a substantial tail at higher binding energies as
compared to the based sp® peak at 284 eV. We attributed these to a combination of
oxygen moieties including hydroxyl, carbonyl, and ether functionalities. These
observations are supported by FTIR of the HG which reveals similar features (Figure
S8). Although each nanoparticle composite shows different sp? shifts, the consistent
decrease of the intensity of higher binding energy tail features of the main peak
indicates that these functionalities are either being coordinated by or consumed in the
reduction of the nanoparticles. We attribute the mechanism of nanoparticle formation
to oxidation of hydroxyl type functionalities located at the edges, which is confirmed
by elimination of O-H related features in the IR spectra of GNCs (Figure S9). This is
consistent with increased reactivity of edge-based moieties of graphene® and other

previously reported nanoparticle reductions.*®
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Figure 2: XPS of as-exfoliated HG and metal nanoparticle decorated GNCs. High
resolution a) Cls, b) respective metal, and c¢) valence XPS scans of the HG and the
different metal HG composites. Different colors in panels a) and b) represent

deconvolutions of the overall signal into oxidation dependent peaks.

High resolution XPS of each of the relevant metal regions was taken to confirm
the oxidation state and presence of the metals following the metal salt soaking
procedure (Figure 2b). Both silver and gold GNCs demonstrate the presence of metal
states (with O charge) in the expected regions. Silver additionally shows extensive
nanoparticle formation (Figure S10). This promising decoration indicates the potential
for easily fabricated and consistent surface enhanced Raman scattering (SERS)
substrates that are unfortunately beyond the scope of the current work. Copper and
nickel samples have relatively more complicated spectra that cannot be fitted with
single oxidation states. Although identification of copper oxidation state by XPS is
somewhat ambiguous, the presence of satellite peaks at 945 and 963 eV indicate
copper(I) oxide being present.’” The shoulder in the main peak at 935 eV would
indicate the presence of a secondary oxidation state that could be copper(0) or copper(I).
Additional HRTEM imaging reveals the presence of copper metal as well as copper(])
oxide by lattice fringe (Figure S11). No copper(Il) oxide lattice fringes could be
observed under HRTEM. Additionally, the presence of the oxide formation in the XPS
experiment could be attributed to the deposition process used to prepare the samples.
The evidence indicates that the copper present is a mixed valency species that is
susceptible to oxidation under mild heating (<100°C). The presence of nickel hydroxide
is confirmed by the relatively higher binding energy of the main peak at 857 eV.
HRTEM of nickel GNC confirms the presence of nickel(0) lattice fringes as well but

the same considerations for the copper hold here as well (Figure S12).



Valence XPS can be used as a tool to evaluate changes in the overall electronic
structure of materials (Figure 2c). All metal composites show different valence
structure than the as-exfoliated material. Prominently silver and copper HG composites
show large d electron peaks and substantial shifts in the valence band edge as compared
to HG. Both gold and nickel show some shift in valence band edge although the shifts
are minor by comparison. Valence band shifts as compared to initial exfoliated material
indicate that there are substantial electronic changes to the overall material occurring;
suggestive of strong electronic coupling between the formed nanoparticles and the
underlying HG. Resultant Fermi levels of the GNCs are consistent with an averaging

of workfunctions between the HG and the metal (Figure S13).

Resulting nanoparticle size shows a sensitive metal precursor concentration
dependence which is best illustrated through TEM (Figure 3) but also supported
through UV-vis absorption spectroscopy (Figure S14). Initially at higher concentrations
of the metal precursor, formation of reduced structures completely overwhelms the size
confining ability of the patterned holes (Figure 3a). Overwhelming the patterned holes
of all composites holds albeit with different concentrations for different metal
precursors. As the concentration is decreased (Figure 3b), nanoparticle overgrowth can
still be observed but some of the size defining effect of the patterned holes can be
observed as discrete structures can be resolved. Further decrease in metal precursor
concentration can yield well defined nanoparticles that show little to no overgrowth
(Figure 3c). Additional decrease in metal precursor concentration shows no additional
benefits and less overall nanoparticle formation at a given time point (Figure S15).
Although these observations are for concentrations at a relatively short time point (1
hour), The overall size limiting behavior is observed for the optimized concentration

persists into long time points with more complete decoration (Figure S16).



Figure 3: TEM micrographs of different copper HG composite syntheses at

progressively lower ratios of copper(Il) chloride to HG (0.146 mg/mL). a) 5 mg/mL of
CuCl2 HG (scale bar 100 nm). b) 2.5 mg/mL of CuCl2 HG (scale bar 200 nm). ¢) 2
mg/mL of CuClz HG (scale bar 50 nm).

HRTEM micrographs can be used to clarify the identity and oxidation state of
the nanoparticles present in the composites (Figure 4). Both more positive reduction
potential metals, silver and gold, the composites show small nanoparticles with lattice
spacing that can be indexed to the metal(0) oxidation state (Figure 4a and 4b). Both
single orientation of lattice spacing and multiple different lattice spacing growing
together can be observed in the micrographs. Variability in lattice orientation indicates
that the holes can support the growth of a single nanoparticle with a single nucleation
site or multiple nucleation sites form around the hole and grow into a single
nanoparticle. Although many nanoparticles are spaced relatively far apart as compared
to the dimensions of the COF, there are several instances where nanoparticles are within
a few nanometers of each other. Small inter-nanoparticle distances are relevant for a
variety of technical applications which are currently underexplored due to the difficulty
of placing nanoparticles in proximity. HG could serve as a route to these underexplored
regimes. Further examination of the lattice spacing of the relatively negative reduction

potential metals, copper and nickel, reveal more complex lattice spacing that cannot be



attributed to single oxidation states (Figure 4c, 4d, S11, and S12). This behavior is
somewhat expected as even if the nanoparticles were prepared in a metal(0) state, both

metals are much more prone to oxidation than silver or gold species.

Figure 4: HRTEM micrographs of a) silver, b) gold, c) copper, and d) nickel decorated

GNCs using optimized conditions for growth.

Zeta potential and dynamic light scattering (DLS) were also measured to
evaluate both the stability and size distributions of both the initial exfoliated material
as well as the material after metal decoration (Figure S17-21). HG is colloidally stable
at lower concentrations (0.059 mg/mL zeta potential of —30.1 + 10.2 mV) due to the
abundance of oxygen containing functional groups introduced during the RIE process.
DLS reveals two distinct size distributions centered around 150 nm and 950 nm

indicating a range of material in solution. Each of the other composite materials zeta



potential and size distributions show somewhat different behavior as compared to the
HG. The primary distinction is the reduction of smaller size flakes and retention of a
negative zeta potential albeit at varying magnitudes. The limiting of the small size
distributions can be attributed to the effect of centrifugation as part of the composite
synthesis. As only the pellet is resuspended, we can expect a shifting towards material
that is more easily precipitated. The negative zeta potential can be ascribed to the
retention of anionic salts to act as weakly bound ligands to composites nanoparticles.
The relatively weakly bound nature of these ligands should ensure that they can be

removed for catalytical applications as needed.

Computational investigations based on density functional theory (DFT) are used
to understand the effects of inclusion of the nanoparticles in the HG and on the
electronic structure of the composite. Gold clusters are chosen as the main model
system, since Au-GNC samples demonstrate higher heterogeneity in their oxidation
state and zeta-potential (Figure 2b and S19). The size of the synthesized systems is

38-42 5f 13 atoms

computationally prohibitive, therefore a smaller magic-size gold cluster
in size, Aui3, is used as a simplified model of a metal nanoparticle. Auis is inserted into
the 1.5 nm hole at the HG, as illustrated in Figure 5a-5c. The lattice structure of Auis
perfectly fits to the geometry of the hole at the HG model. The edges of the hole at the
HG model are capped by hydrogens and six carboxyl groups (Figure 5b). It is expected
that substitution of OH groups by H capping groups have a negligible effect on the
electronic structure of the HG. This trend was observed for covalently functionalized
carbon nanotubes (CNT), where substitution of OH groups with H at the sp>-defect side
negligibly altered the electronic structure**** of the CNT. Figure S22 evidences that

the HG capped with OH and 6 COOH has similar electronic features as the DOS of the

HG with 6 COOH and the hydrogenated capping. Therefore, for simplicity, only the



models with hydrogenated edges are used in calculations. This choice of the capping
model is also rationalized by the fact that OH features in IR spectra are not resolved for
Au-GNCs (Figure S9). Therefore, it is reasonable to assume that hydroxyl groups do
not contribute to the coordination of Au nanoparticle and are not expected to critically

affect their electronic structure.
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Figure 5: Schematic representation (a) and optimized structures of the HG model (b)
and HG with the gold cluster, Auis, embedded inside the hole of HG (¢). The density
of states (DOS) projected to the orbitals associated with carbon (black lines), oxygen
(blue lines), hydrogen (grey lines), and gold (red lines) atoms of the HG with embedded
(Au13)° coordinated with 6(COOH) (d) and 6(COO") (e) and with the (Aui3)® at the
surface of the hole coordinated with 6(COOH) (f) and 6(COQO") (g). The negative
charge of the whole system corresponds to the number of deprotonated carboxyl groups.

Inserts show the optimized structures of the embedded and surface conformations.



Due to flexibility of carboxyl groups, the Auis cluster can be embedded inside
the hole or slightly above the hole (at the surface), while strongly coordinated by
carboxyl groups in both cases (Figure 5). Since carboxyl groups can be easily
deprotonated in water solutions, we consider the “embedded” and “surface” structures
for two cases: (1) HG with fully protonated carboxyl groups and zero charge on the
metal cluster, (Aui3)’/6COOH, and (ii) HG with deprotonated groups turning to
carboxylates, while the metal cluster remaining neutral, (Aui3)%/6(COO"). The number
of deprotonated groups dictates the overall charge of the system. As such, the negative
charge of deprotonated models is consistent with slightly negative zeta potential

obtained experimentally for Au-GNCs (Figure S19).

Figure 5d-5g show the density of states (DOS) projected on the orbitals
originated from carbon, oxygen, and, metal atoms for embedded and surface structures
of the neutral gold cluster coordinated with six carboxyl groups and six carboxyl groups
being deprotonated. In all cases, the gold cluster introduces the metal-associated states
at the Fermi energy. While these states are significantly hybridized with the carbon-
originated states, the pristine HG does not exhibit states directly at the Fermi energy
(Figure S22 and S23). The embedded protonated and deprotonated structures contribute
additional Au-originated states at the edge of the VB from —0.5 eV to 0 eV (Figure 5f
and 5g). In contrast, the surface (Au13)’/6COOH has a well-pronounced sub-gap at this
energy range. Interestingly, deprotonated carboxyl groups in the surface structure
facilitate penetration of the gold cluster inside the HG, making it look more like the
embedded conformation (inserts in Figure Se and 5g). As a result, the peaks at the VB
of the surface (Aui3)"/6(COQ") are similar to those of the embedded (Au13)%/6(COO")

system. Overall, deprotonation of carboxyl groups leads to their stronger coordination



with the embedded metal cluster, which broadens and shifts the metal-associated peaks

toward the edge of the VB.

Comparing these calculated results to the experimental valence XPS scans of
the HG and the Au-HG composites in Figure 2c, we can conclude that only the
embedded (Aui3)® cluster provides distinct peaks in the VB edge compared to HG,
which agrees with experimental data. As such, we suggest that the nanoparticle is
formed completely embedded in the hole of the HG, rather than at the surface of the
hole. Second, the nanoparticle is expected to have no charge, while coordinated by fully
protonated carboxyl groups. Figure S24 evidences that the structure with the positively
charged cluster coordinated to six deprotonated carboxyl groups, (Aui3)*"/6(COO"),
exhibits a sub-gap at the edge of the VB from —1 eV to 0 eV, with the metal-associated
peak at the Fermi energy, which does not agree with the electronic features observed

experimentally (Figure 2c¢).

The calculations of the DOS of embedded (Agi13)® and (Cui3)° clusters, that were
constructed in a similar manner as embedded (Aui3)’, also demonstrate a well-
pronounced metal-associated peak at the edge of the VB that is distinct from the VB
edge of HG (Figure S23). All embedded clusters show very similar VB near the Fermi-
energy, while the difference in their bands become more noticeable for states deeper
inside the VB, especially for d-states associated with metals. Deprotonation of all
carboxylic groups coordinated with metal clusters results in a slight redshift (~0.5 eV)
of the highly intensive peaks associated with metal d-d orbitals, broadening their shapes
near to the VB edge (Figures S25-S27). This broadening is the most pronounced for
(Ag13)’/6(COO") system. Taking into account that the zeta potential of Ag-HG
composites shows a wider distribution toward more negative values compared to those

of Au-HG and Cu-HG (Figures S15-S17), it is reasonable to assume that structures with



deprotonated carboxyl groups are more frequently present in Ag-HG samples. These
deprotonated structures are likely result in much more pronounced VB shoulder at the

lowest energies observed for Ag-HG, compared to other composites, Figure 2c.

To evaluate these GNCs as electrocatalytic platforms, we investigated the
activity of the Ni-GNC for oxygen evolution reaction (OER) activity (Figure 6). GNCs
can serve as a platform to reduce overall metal usage, provide additional conductivity

to boost catalytical activity, and reduce sintering.

81 1.20 4
0.4
6 1454 A
67.5mV/Dec
110 4

1.05

Current(mA)
Current(mA)
Overpotential(V)

1.2 14 1.6 1.8 0 20 40 60 80 100 120 5 4 3 2
Potential (V vs RHE) Time(mins)

Figure 6: Electrochemical catalytic data for Ni-GNC toward oxygen evolution reaction
(OER). a) Linear sweep voltammogram (LSV) in 1 M KOH on a rotating disk electrode
@ 1600 rpm. b) Galvanostatic electrolysis of Ni-GNCs for 2 hours of continuous

operation under the same conditions as LSV. ¢) Tafel plot of a) where the central region

has been fitted.

Current of 5 mA can be seen at 1.7 V potential vs RHE for 80 pg of Ni-GNC
deposited onto a glassy carbon electrode (Figure 6a). Onset potential for catalysis is at
1.53 V vs RHE, on par with other Ni(OH)2 based OER catalysts.*® 47 Catalytic activity
shows stability over 2 hours of continuous operation at 1.6 V vs RHE (Figure 6b). This
performance serves as indirect evidence of the stability of the nanoparticles to remain
inside of the holes and avoid sintering. Tafel slope of the Ni-GNC composite is 67.5
mV/dec, the value is also consistent with other Ni(OH). based -catalysts.

Electrochemical impedance spectroscopy was used to evaluate both surface area and



the favorability of charge transfer after the onset potential (Figure S28). Equivalent
circuit modeling at open circuit potential (1.28 V vs RHE) reveals large resistance to
charge transfer (22570 Ohms) and 20 pF capacitance. Similar capacitances were
observed under working potentials of 1.6 V and 1.7 V vs RHE but with dramatically
reduced charge transfer resistance (193 and 133 Ohms, respectively). Additional
confirmation of capacitance values was obtained by differential scanning of cyclic
voltammetry in a 0.05 V non-faradaic window around 1.28 V vs RHE (Figure S29).
Assuming a specific capacitance of 40 pF/cm? in 1 M KOH, the overall
electrochemically active surface area is approximately 0.61 cm?.*® We attribute the
relatively small area to preference for restacking during deposition on electrode as well
as the presence of Nafion in the catalyst ink blocking active sites. Future studies will
focus on improving the active area but are beyond the scope of this current work.
Further improvements in onset potential could be induced through pre- and post-

synthetic doping strategies to generate Ni-Fe hybrids.**>°

Conclusion:

Here we have demonstrated a facile process for production of holey graphene from
HOPG via a COF-5 RIE process. The resulting material can be exfoliated into water
and can have flake sizes ranging from 1 to 2 micrometers densely patterned with
nanometer sized features. The material is active for a broad reduction potential range
of size limited nanoparticles dictated by the relative ratio of metal salt to HG. Both
metal(0) and metal oxide/hydroxide states were observed to form in an element
dependent fashion without additional reducing agents. Edge hydroxyl-based oxidation
is posited as the reduction mechanism as per FTIR and XPS evidence. Formed
composites demonstrated strong electronic coupling between carbon and metal

resulting in large changes to carbon and valence XPS of the material. Nanoparticle



growth can overwhelm the hole sites at higher concentrations forming larger
agglomerations. At lower concentrations metal nanoparticles can remain contained in
their respective sites and cover large areas of the HG. All composite materials form
metastable suspensions in water with negative zeta potentials, which we associate to
the retention of anionic ligands, including deprotonated carboxyl groups at the HG
edges, weakly coordinated to the nanoparticles in the composites. Computational
investigations on model systems reveal a preference for embedding of nanoparticles
inside the hole of the HG over their surface-based incorporation. Metal d-states are
shown to contribute to the valence band of the electronic structure only for neutral
nanoparticles consistent with XPS evidence. Ni-GNCs were evaluated as OER catalysts
and demonstrated low overpotential of 300 mV, no degradation of current over two

hours of operation, and 67.5 mV/dec Tafel slope.
Experimental:
COF-5 Growth on HOPG

COF-5 was synthesized following a previously published procedure.*® Briefly, a thick
walled glass container was cleaned and dried in an oven. A mixture of phenylbisboronic
acid (PBBA) (6.25 mg, 37.7 mmol) and 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP) (4.00 mg, 12.33 mmol) in 1:1 mixture of 1 total mL of 1,4-dioxane and
mesitylene was added to the container and sonicated for 30 minutes. After sonication,
1x1 cm flakes of freshly cleaved highly ordered pyrolytic graphite (HOPG, #439HP-
AB from SPI Supplies, West Chester, PA) were introduced to the vessel and left in an
oven at 90°C for 40 minutes. The reaction vessel was allowed to cool to room
temperature before removing the HOPG flakes and placing them in toluene overnight.

The powder was washed with toluene and recovered via vacuum filtration. Substrates



were sonicated the next day in toluene for 10 seconds and then placed in vacuum to

thoroughly dry for several hours.

Reactive ion etching

Trion Phantom III LT RIE was used to etch HOPG flakes. The following conditions
were used for etching: 200 mTorr pressure with 100 W of power for 30 seconds and 50
sccm of O2 flow were chosen as the final conditions. After etching, the substrates were
washed with ethanol, nanopure water, and ethanol again to remove residual polymer.
HOPG flakes were dried in vacuum after the wash to retrieve an initial starting mass

used to estimate concentration in solution.

Exfoliation into solution

Dried patterned HOPG flakes were massed and then placed into 2 mL of nanopure
water in a 1-dram vial. Sonication proceeded for 3 hours to attempt maximal retrieval
of patterned material. After sonicating, the solution was retrieved and placed into a
separate 1-dram vial for storage. The flake (if remaining) would be retrieved and dried
under vacuum for several hours before massing. The mass difference between before

and after sonication was used to estimate concentration in solution.

Nanoparticle formation

Solutions of HG were diluted to 0.292 mg/mL and mixed with a variety of metal salt
solutions at different concentrations. The following metal salts were used: AgNOs3,
HAuCls-3H20, CuClz2:2H20, and NiClz2:6H20. Concentrations ranged from 10 mg/mL
to 0.1 mg/mL. The typical copper process was to introduce 1 mL of 0.292 mg/mL HG
to 1 mL of 4 mg/mL metal salt solution in a 1-dram vial with a freshly cleaned stir bar.
The magnetic stirrer was set at 800 rpm and the reaction was carried out in the dark at

room temperature. All screening conditions for nanoparticle decoration were conducted



with 1-hour reaction while more complete coverage of nanoparticles was achieved with
6-hour reactions. After the reaction was completed, the solutions were centrifuged
down for 30 minutes. The supernatant was recovered and 2 mL of nanopure water were
added for an additional two centrifugations. The later supernatants were discarded, and
the final solutions were brought up in 1 mL of nanopore water in a 1-dram vial.
Optimized conditions for all metal salts were as follows: (Au) 2.5 mg/mL, (Ag) 5

mg/mL, (Cu) 4 mg/mL, and (Ni) 10 mg/mL.

Computational methodology

All DFT calculations were performed in the Vienna Ab-initio Simulation Package®!->?

(VASP 5.4.4) using the Perdew, Burke, and Ernzerhof (PBE)** exchange-correlation
generalized gradient approximation (GGA) functional with projector-augmented wave
(PAW) pseudopotentials®> > and plane-wave basis sets at the Gamma k-point. The
supercell of HG with metal clusters is 20 A x 21.5 A along the x-y plane, where the z
dimension varies, while providing at least 8 A separation to minimize spurious
interactions between replicas. The charge of the whole system is determined by the
number of deprotonated carboxyl groups, while the charge on the metal cluster is zero.
The optimization of the metal-HG systems was performed till the forces between ions
were smaller than 0.01 eV/A. All projected density of states (PDOS) calculations were
performed at the Gamma-point. The (Agi3)° and (Cui3)° clusters were embedded in the
HG with hydrogenated edges and coordinated to protonated or deprotonated carboxyl
groups, similar to the created structures of the emended (Aui3)° cluster. Then the metal-
HG structures are optimized at the same size supercell using the same methodology as

Au-HG.
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Supporting Information. The following files are available free of charge.
Additional details on experimental methods. Figures for electron microscopy of as-
patterned HOPG, RIE screening conditions, RIE without COF control experiments,
Ag-GNC, Cu-GNC, Ni-GNC, Low salt and longer time Cu-GNC, Raman spectra of
screening conditions, XPS metal-based metal loadings, Valence XPS comparison of
HG, GNCs and metal references, UV-Vis calibration curve of HG, post-wash GNCs,
and different Cu metal conditions for Cu-GNC, FTIR spectra of HG and resulting
GNCs, DLS/zeta potential for RIE control, HG, and all GNCs, DFT calculations of
metal clusters and density of states. Electrochemical impedance spectroscopy and

cyclic voltammetry.
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