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2D graphene nanostructure.[4] The micro-
structure morphology and physicochem-
ical properties of NPG materials have 
been exploited in sieving, sensing, energy 
harvesting, and catalysis applications.[5–8]

The morphological properties of 
NPG materials in terms of sizes, densi-
ties distributions, and depths, as well as 
geometrical shapes ranging across single-, 
or few-layer graphene sheets, have solely 
relied on the applied perforation method-
ologies.[4] The state-of-art of perforation 
technology for 2D nanoporous nano-
structures can be classified into either 
stochastic/guided-etching or guided-
growth techniques based on the achieved 
pore-size and surface-pore distribution 
ranges.[4,9] Cylindrical pores with narrow 
size distribution and high-density surface 
distributions are still desired for engi-
neering porous graphene-derived nano-
assemblies. The capability to induce such 
architectural features across graphene 
will therefore enhance their potential in a 
variety of nanotechnologies based on sepa-
ration and catalytic processes.[9]

One promising perforation meth-
odology is photocatalytic perforation, a particulate-assisted 
etching protocol. The proof of concept was demonstrated 
via arranging nanocatalysts over graphene surfaces to accel-
erate the oxidation upon the photo-irradiation process with 
ultraviolet (UV)–visible stimuli. Consequently, the achieved 
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1. Introduction

Nanoporous graphene (NPG) materials are a mesh architec-
ture with size-controlled pores ranging from sub-nanometer[1–3] 
to a few nanometers and tunable surface densities across the 
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porosity parameters across NPG nanostructure have mostly 
followed the morphological properties of initially designed 
particulate-template, used to confine energetic radicals gener-
ated during the photo-excitation mechanism.[10,11] This leads 
to etching carbon clusters across graphitic planes in contact 
with the loaded nanocatalysts. However, the nanopatterning of 
these nanocatalysts to form a precise particulate template, as 
well as the reduction of the kinetics of nanoclusters across gra-
phene surfaces during the loading process, has not yet been 
addressed. This is to avoid the possible generation of nano- 
and micro-cracks around the nonintentional clusters of nano-
catalysts, which could be probably formed upon the irradiation 
process. The correlation between the kinetic mechanism and 
the variation of pore formation across the graphene structure, 
concerning expanding and shrinking, as well as the evolution 
of pore-depth across a few nanometers in thickness, have not 
yet been evaluated across graphene assemblies during the 
UV–visible irradiation process.[11–13]

The surface chemistry, as well as the interlayer Van der 
Waals attractions between sheets, can be exploited to assemble 
such sheets into sub-nanometer,[14] or few-nanometer[15] assem-
blies in thickness via a variety of deposition techniques.[16] 
Such assembled films with high adsorption capacities,[17,18] can 
be used as raw materials to anchor the colloidal nanocatalysts 
and array them across their graphitic nanostructures during 
the loading process. These 2D nano-assemblies are however 
suffered from spatially varying surface chemistry[19] due to the 
merging between sheets and are highly expected to accelerate 
the kinetics of the nanoclustering of nanocatalysts near these 
regions, especially nanowrinkles.[20] Consequently, this nano-
coalescence of the catalysts in these graphitic groves will drasti-
cally cause the merging of the pores, causing microcracks upon 
the activation during the perforation process. Engineering the 
surface of these graphene assemblies with uniform chemistry 
is, therefore, a prerequisite to synthesizing NPG without the 
need for external nanotemplates.

In this research, we demonstrate that a narrow pore size 
distribution and high surface density distribution can be engi-
neered through grafted graphene oxide (GO) assemblies, uti-
lizing catalytic-etching of arrayed nanocatalysts across their 
graphitic basal planes. The effect of the surface chemistry of 
graphene in designing particulate-nanotemplates with different 
sizes and surface densities was evaluated. The porosity param-
eters achieved across perforated nanostructures were further 
investigated and then correlated to the perforation conditions 
including colloidal concentrations of nanocatalysts applied, or 
UV–visible irradiation durations during the etching process. 
Conical and cylindrical nanochannels were perforated with 
depths ranging from sub-nanometer to a few nanometers, 
which were well-matched with the thickness of these graphitic 
assemblies based on pristine and grafted graphene chemistries, 
respectively. The pore formation across graphene prior to and 
post the irradiation was systemically investigated in the light 
of the defect engineering analysis. The proposed work dem-
onstrated a photocatalytic perforation protocol, as an effective 
methodology for tailoring cylindrical nanopores across mul-
tilayer graphene assemblies that can be utilized as custom-
designed nanosieves for a variety of separation and catalytic 
applications.

2. Experimental Section

2.1. Electrochemical Grafting of Graphene Assemblies via  
Aryl-Diazonium Chemistry

Aqueous GO colloidal (0.1  wt%, Graphenano Company, 
Spain) was purified via centrifuge (Allegra X-12R Centrifuge) 
at 3000  revolutions per minute (RPM) for 10  min to narrow  
down the size of 2D sheets, as well as remove such nonexfo-
liated graphite particles.[14] Multilayer GO assemblies were 
prepared via spin-coating of the centrifuged GO colloidal on  
SiOx/Si substrates, which were previously were treated in 
Piranha solution (70:30 v/v concentrated H2SO4 and 30% H2O2) 
for 60  min prior to the deposition process. These assemblies 
were obtained via casting with a fixed volume (10 µL) of GO col-
loidal at the substrate and then spinning at 500, 800, 1600, and 
2000 RPM for 30 s per each speed.

These suspended GO assemblies over SiOx/Si supports were 
grafted electrochemically with 4-carboxybenzenediazonium tetra-
fluoroborate diazonium (C7H5BF4N2O2) salts and the detailed 
synthesis and characterization are discussed in the Section S1, 
Supporting Information. The electrochemical grafting was car-
ried out using Metrohm Autolab potentiostat from (Kanaalweg, 
The Netherlands) inside a homemade cell, as adapted from the 
authors’ previous methods.[21–25] The suspended GO sample 
was mounted typically to serve as a working electrode, Pt-wire 
and Ag/AgCl was used as the counter and reference electrodes, 
respectively. The sample was immersed in a solution of 1  mm 
diazonium salt and a 1 m supporting electrolyte solution of 
tetrabutylammonium hexafluorophosphate (TBAPF6) in acetoni-
trile.[26] The grafting process was conducted through ramping 
voltage between +1.0 and −1.0V versus Ag/AgCl at a rate of 
0.02  V  s−1 over three cycles. Data was acquired by NOVA soft-
ware from (Kanaalweg, The Netherlands). All grafted samples 
were rinsed in deionized (DI) water, and ethanol sequentially, to 
remove the excess molecules adsorbed across grafted graphene 
assemblies. For the evaluation of the electrochemical grafting, 
the grafting experiments were also carried in the presence of a 
Buckypaper from reduced-graphene oxide (RGO), as a reference 
sample of low-oxygen content graphitic nanostructures, which 
was treated via hydrazine (N2H2) vapor exposure.[27]

2.2. Nanopatterning of Pristine and Grafted Graphene Oxide 
Assemblies with Zinc Oxide Nanocatalysts

The capability of the grafted functional groups across graphitic 
planes of the GO nanostructure to adsorb and arrange sus-
pended zinc oxide (ZnO) nanocatalysts into a stable colloidal 
was assessed based on pristine and diazonium chemistry. This 
was performed via vertically dipping the assembled nanostruc-
tures over SiOx/Si supports into a stable ZnO colloidal (Sigma-
Aldrich, average particle size, typically of 20 ± 15 nm) at ambient 
conditions without any stimulus. The nanopatterning of such 
ZnO nanocatalysts across those loaded samples based on pris-
tine and grafted GO chemistries was engineered by using dif-
ferent concentrations of ZnO colloidal during the loading 
process that includes 10, 50, and 100 ppm prior to extraction at a 
fixed dipping duration, typically 5 min, separately. The extraction 
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process was performed via sonicating suspensions (QSONICA 
700) for 10  min with a pause of 5  s and then centrifuged for 
10 min at 8000 rpm (Beckman and Coulter Allegra X-12R). The 
nanocatalysts were extracted from the resulted surfactant of the 
previously centrifuged samples to avoid any nanoclusters, sus-
pended in the colloidal prior to use in the loading process. To 
ensure the stability of such anchored ZnO nanocatalysts across 
those loaded samples, all samples were washed with an excess of 
pure ethanol and then DI water for several cycles, consecutively.

The kinetic of ZnO clustering across the samples during the 
loading process was investigated with another ZnO colloidal, 
prepared via the sol–gel assisted by ultrasonic irradiation tech-
nique,[28] as discussed in Section S2, Supporting Information. 
A  relatively high concentration of as-prepared ZnO colloidal 
was used during these experiments, typically of 200 ppm to be 
loaded to the GO samples over different durations that include 
5, 30, and 60 min, separately. The size and density distributions 
of ZnO nanocatalysts across graphitic planes of those loaded 
samples were investigated via scanning electron microscope 
(SEM) and atomic force microscope (AFM) analyses over rela-
tively large scans for evaluating the nanoclustering, as well as 
ensuring the homogeneity of such loaded samples. Further-
more, the atomic concentration, as well as chemistry of loaded 
ZnO nanocatalysts to pristine and grafted GO surfaces were 
further investigated via X-ray photoelectron spectroscopy (XPS) 
and then correlated to the loading conditions.

2.3. Ultraviolet and Visible Etching Irradiation

The loaded GO samples with ZnO nanocatalysts, as pore-
mediators were irradiated via UV–visible radiations (OmniCure 
S2000  UV Lamp). Pristine- and grafted-GO via diazonium salt 
samples were illuminated by UV light source with a measured irra-
diance of 1100 mW cm−2 and a light filter of wavelength between 
320 and 480 nm.[29,30] All samples were covered with a water-slap 
with a fixed volume (10  µL) per a 1-cm2  surface area to provide 
interaction between these loaded nanocatalysts and the graphitic 
planes during the etching process. The range of UV wavelength 
was carefully selected to be not less than 320 nm for providing the 
threshold activation energy for ZnO semiconducting materials and 
at the same time minimizing the generation of other oxygenous 
radicals, such as ozone (O3), which was likely, to be generated at 
lower wavelength ranges of the UV spectrum.[13,31] The develop-
ment of the relative penetration depth of the loaded nanocatalysts 
over the multilayer GO assemblies was investigated via SEM and 
AFM analyses over different durations, including 60, 360, and 
1080 min, separately, at a fixed irradiance (1100 mW cm−2).

2.4. Removal of Nanocatalysts Post the Irradiation Process

The removal of the intercalated ZnO nanocatalysts across 
multilayer graphene samples was performed via treating the 
irradiated samples in the acidic medium.[32] The dissolution 
kinetics of such nanocatalysts during the acid treatment in 
1 m hydrogen chloride (HCl) was systemically studied by inves-
tigating the morphology of the treated samples via SEM anal-
ysis and AFM mapping over different durations that include 1, 

6, 15, 72 and 168 h. To evaluate the long-term chemical stability 
of pristine materials in this acidic medium, the GO samples 
were treated in 1  m HCl over short duration periods between 
3  and 24  h, as well as longer duration periods ranging from 
48 to 168 h, separately at ambient conditions. The variation of 
surface chemistry and crystallographic properties as the func-
tion of atomic defects across those treated GO samples were 
investigated via ATR-FTIR and Raman spectroscopy, as well as 
AFM mapping, and then compared to the as-prepared samples.

2.5. Characterization Techniques

2.5.1. Microstructure Analysis

SEM (Zeiss Supra 55VP FEG) was used to investigate the 
microstructure of graphene samples prior to and post the per-
foration process at a 2 kV of acceleration voltage and a working 
distance of 5  mm with 30  µm-aperture. The suspended mul-
tilayer graphene assemblies on SiOx (280  nm)/Si supports 
were electrically grounded on aluminum holders with carbon 
tape without any coating. AFM (MultiMode 8-HR, Bruker) was 
further used to investigate any variation of the morphological 
properties of 2D perforated graphene samples. AFM mapping 
was conducted in ScanAssist mode via a silicon nitride probe 
(SCANASYST-AIR, Bruker) with a radius of 2–12  nm and a 
force constant of 0.4 N m−1. The pore profiles of sizes, densities 
distributions, and depths, as well as geometrical shapes ranges 
across perforated samples, were estimated through processing 
either AFM maps with NanoScope Analysis 2.0  software or 
SEM micrographs with the ImageJ software over three different 
locations at the nanometer scale.

2.5.2. The Variation of Crystallographic Properties of Graphene 
Samples during the Pore Formation via Raman Analysis

The pore formation across graphene samples prior to and post 
the UV irradiation was systemically investigated via Raman 
spectroscopy. Their intrinsic crystallinity and defect den-
sity were assessed by micro-Raman spectroscopy technique 
(Renishaw inVia) with an excitation laser of 514  nm and a 
100× objective lens to achieve a very fine beam spatial resolu-
tion, nearly 300  nm. A grating filter with 2400  grooves/mm 
was employed for the monochromatization of the signals. The 
power was kept to 10% of the total power (1.2 mW without the 
objective lens) to prevent damage to the graphitic planes.[29] The 
integral time for a single acquisition was fixed at 10  s for all 
measurements. All Raman spectra were collected in the wave-
number range between 1000  and 3200  cm−1  and interpreted 
with Wire 3.2 software. The Raman spectra were evaluated over 
five points over each sample and then averaged to maintain the 
statistical aspect of reported values.

2.5.3. Surface Chemistry Analysis

The evaluation of the zinc interstitial and oxygen atomic con-
centrations across the loaded graphene samples with ZnO 
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nanocatalysts based on pristine and grafted GO surfaces were 
further investigated via XPS analysis. Data were collected 
with a photoelectron spectrometer (Phoibos 100, SPECS, 
Berlin) while a nonmonochromatized Mg Kα X-ray source 
was applied for X-ray emission with an excitation energy of 
1253.6 eV at 200 W and 12K eV. The analysis chamber had a 
base pressure of a few 10−10 mbar. All surveys and high-resolu-
tion spectra were measured at 40 and 10 eV pass energies with 
1 and 20–25 scans, respectively. A selected area using Ø-3 mm 
aperture was analyzed using low-magnification mode on each 
sample over five different spots for statistical relevance. The 
spot area on a sample was a circle of Ø-1.5 mm. Peak analyses 
were performed with the CasaXPS software, using a weighted 
sum of Gaussian and Lorentzian component curves GL (p), 
where (p) parameter was equal to 30. The measured spectra 
were further calibrated with Zn 2p3/2  at 1021.8  eV of ZnO 
due to a lack of CC for reference of the samples.[33] With this 
calibration condition, C sp2 could be found at 284.2 ± 0.2 eV 
while graphitic oxide could be identified at 286.3 ± 0.2 eV. The 
fitting of C resulted in a further presence of CO species at 
285.6  ±  0.2  eV which could be assigned to partially oxidized 
graphitic C which was not bound to the carboxyl group (C6Hx
(COOH)6−x).[34] The as-prepared and grafted GO samples were 
calibrated with C sp2 found in ZnO doped samples for a con-
sistent observation.

2.5.4. Characterizations of Zinc Oxide Nanocatalytic Colloidal

ZnO colloid was prepared via sol–gel assisted by ultrasonic 
irradiation technique, as adopted in the literature[28] and dis-
cussed in Section S2, Supporting Information. The concentra-
tion of the previously prepared ZnO colloidal was estimated 
via UV–visible spectroscopy analysis based on a commercial 
colloidal, as provided by the manufacturer (Sigma Aldrich) 
stand on the calibration curve (Figure S5, Supporting Infor-
mation). The hydrodynamic diameter of suspended ZnO 
nanoparticles in ethanol colloidal was assessed prior to uti-
lizing them in the nanopatterning process via dynamic light 
scattering (MALVERN Zetasizer Nano, ATA scientific instru-
ments), with a reflective index, n of 1.4  and absorption coef-
ficient of 0.1  for ZnO materials over three measurements, 
consecutively in ambient conditions without any sonica-
tion. All samples were left to stabilize for 120  s prior to col-
lecting their measurements. Each sample was characterized 
by three different preparations per condition for confirming 
the revealed trends. The size distributions of those prepared 
nanocatalysts were intensively characterized via DLS analysis 
and AFM mapping.

3. Results and Discussions

To perforate graphene with a narrow, downsize distribution of 
nanopores across 2D nano-assemblies, a particulate-assisted 
etching methodology was proposed. This is performed in a 
four-step process of UV–visible irradiation of ZnO nanocata-
lysts on surface-modified graphene, followed by the removal of 
nanocatalysts via acid treatment (Figure 1).

3.1. Electrochemical Grafting of Graphene via Aryl-Diazonium 
Chemistry

First, the GO sheets were assembled over SiOx/Si substrates via 
spin-coating and their topological characteristics were investi-
gated via AFM, as illustrated in Figure 2A. The assembled GO 
layer structure based on 2D sheets exhibited a maximum thick-
ness of ≤10 nm over a 5 µm scan size from three representative 
height profiles. These GO nano-assemblies also exhibited a few 
nanowrinkles, that is, graphitic nanoclusters due to the mis-
alignments between cross-linked sheets during the assembly 
process, observed as bright spots (Figure S1, Supporting 
Information).

The prepared GO samples were grafted via direct electro-
chemical reduction of 4-carboxybenzenediazonium tetrafluor-
oborate in an aqueous electrolyte (TBAPF6, 1.0  m) solution 
(cyclic voltammograms and controls in Supporting Informa-
tion). This process introduces a covalently grafted layer of car-
boxyphenyl groups to the graphene surface and increases the 
density of carboxylic acid functional groups across the basal and 
edge planes of the assembled graphitic nanostructures. No sig-
nificant changes, relative to control samples, were observed in 
the morphological properties across graphitic planes after sur-
face grafting (Figure 2B). However, several bright nano-islands 
were observed on the graphene surface across those samples 
that were grafted using a 1 mm solution of the diazonium salt. 
This is likely to be observed across the graphitic planes after 
electrochemical grafting due to the lack of diffusional control of 
the diazonium radicals instantaneously generated in the solu-
tion and the graphitic surface during the salt reduction.[35,36] 
Otherwise, the surface of grafted samples appeared very uni-
form, achieving an RMS roughness ten times higher, compared 

Figure 1. Schematic diagram illustrating four-step photocatalytic perfora-
tion methodology to engineer nanopores across few-layer GO assemblies: 
i) Surface grafting via diazonium salt, ii) loading the surface of grafted GO 
nanostructures by ZnO nanocatalysts, iii) irradiation of previously loaded 
samples with ZnO nanocatalysts via UV–visible stimuli, and iv) removal 
of the nanocatalysts from the perforated samples via acid treatment.
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to the graphitic planes across the as-prepared samples, typically 
of 0.2 nm (check the height profiles inserted into Figure 2C,D). 
The inability of AFM to visualize the individual adsorbed spe-
cies across the constructed grafting layer may be attributed to 
the packed arrangement of these grafted species into a uniform 
layer morphology,[35] which has been revealed from the height 
profiles across their maps.

In order to suppress the difficult-to-observe constructed 
grafting layer, typically ≤1  nm[37] across the grafted GO 
samples, control grafting experiments were conducted using 
chemically  RGO Buckypaper. This serves as reference mate-
rial of low-oxygen content graphitic nanostructures, under the 
same experimental grafting conditions. The surface chem-
istry and wettability properties of RGO samples (control and 
surface modified) were also investigated via measuring their 
ATR-FTIR spectra and correlating these to their water contact 
angle values. A significant decrease was observed in the inten-
sity overall bands across the FTIR spectrum of GO samples 
post the N2H2 vapor exposure. This has led to poor wettability 
properties for such RGO samples, achieving a water contact 
angle value, typically 89 ± 2°, which is four times higher com-
pared with untreated GO samples. This confirms that most 
of the oxygen-containing functional groups have almost van-
ished post the hydrazine vapor exposure.[38,39] On the other 
hand, the RGO samples, which were grafted via 1 mm diazo-
nium exhibited a contact angle value of 74  ±  3°, which is 

nearly 15% less compared to as-produced RGO samples. This 
improvement in the wettability properties of those grafted 
RGO samples confirms the recovery of carboxylic groups 
across graphene samples post the grafting process, which 
agreed with the FTIR analysis, as illustrated in Figure S4D,E, 
Supporting Information. Therefore, these revealed trends 
suggest a successful construction of a grafting layer, which 
may be covalently attached to 2D sheets across the graphene 
assemblies.[36]

3.2. Nanopatterning of Zinc Oxide Nanocatalysts across  
Pristine and Grafted Graphene Structure

The nanopatterning of ZnO nanocatalysts, as a particulate-
template with tunable densities and sizes across graphene 
nanostructures, is extremely crucial to generate nanoporous 
graphene structures of engineered pore densities, as well as 
narrow pore size distributions, post the photocatalytic perfo-
ration process.[4,9] To control particle density and its nucleated 
size across graphene surface, as well as reduce the kinetics 
of agglomeration during the loading process, the anchoring 
of such nanocatalysts was performed by vertically dipping. 
The pristine and grafted graphene samples were dipped into 
colloidal solutions with suspended ZnO particles (sized of 
20 nm with a cut-off size of ≤100 nm, as was characterized in  

Figure 2. The morphology assessment of GO assembled on SiOx/Si substrates prior to and post the electrochemical grafting process. A,B) FESEM 
micrographs and C,D) 2D-AFM maps for graphene oxide (GO) assemblies prior to and post the electrochemical grafting with 1 m 4-carboxybenzenedi-
azonium tetrafluoroborate diazonium salt; inserts represent few representative surface roughness profiles across the pristine and grafted basal graphitic 
planes, respectively. Color bars for the heights correspond to 10 and 5 nm of a resolution map at 120 and 40 nm scale bar, respectively.
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Figure S6A,B, Supporting Information) at different concentra-
tions including 10, 50, and 100 ppm at a fixed dipping duration 
(5 min) post the extraction process, separately.

Loaded samples based on pristine and grafted GO were 
investigated by SEM analysis and AFM mapping to estimate the 
density and sizes distributions of ZnO nanocatalysts and the 
results are summarized in Table S2, Supporting Information. 
Such morphological properties were typically correlated to the 
concentration of nanoparticles, remaining in the used super-
natant solution post the extraction process. Figures 3A and 3C 
represent loaded ZnO nanoparticles across assembled layers 
across decorated samples based on pristine and diazonium 
grafted samples, respectively. The density of ZnO nanoparticles 
across pristine GO structure was found to linearly increase with 
respect to the concentration of ZnO colloidal used during the 
loading process at a fixed duration (5 min). In this regard, GO 
samples that were loaded with 10  ppm exhibited a low distri-
bution of particles across their graphitic basal planes, typically 
1.2 ± 0.5 particle/µm2, while those loaded with 50 and 100 ppm 
exhibited density values of 16  ±  4  and 50  ±  5  particle/µm2, 
respectively. Interestingly, other loaded samples based on the 
installed carboxyl moieties exhibited similar density values at  
the same range of loading conditions. It was also noticed that 
the probability of such nanocatalyst clustering across loaded 
samples based on pristine GO chemistry increased, compared 
with the other samples with surface-modified substrates, par-
ticularly at a high colloidal concentration (100  ppm), as high-
lighted by yellow spots in their micrographs.

Furthermore, the influence of the concentration of ZnO 
nanoparticles used on their size distributions across the 
loaded samples based on surface chemistry was evaluated via 

AFM analysis (Figure  3B,D). An increase in the size distribu-
tion of ZnO nanocatalysts regardless of the loading conditions 
was observed across those loaded samples based on the pris-
tine materials, which confirms that a minimal agglomeration 
of those loaded ZnO nanocatalysts has occurred across loaded 
GO samples. However, the grafted GO samples showed narrow 
size distribution ranges in comparison with the pristine sam-
ples. For instance, the loaded samples with 50  ppm exhibited 
an average size distribution of anchored ZnO particles across 
grafted graphitic planes, typically of 17  ±  11  nm, as well as a 
surface density of 300  ±  50  particle/µm2, which were not 
changed much in the loaded samples at 100 ppm, as exhibited 
in Figure 3E,F. These findings were found however to be incon-
sistent with those obtained via SEM analysis, which may be 
attributed only to the limitation of the scanning resolution. To 
further understand the development of nanoclustering occurred 
of such loaded ZnO nanocatalysts across the GO sheets during 
the loading process, control loading experiments were also con-
ducted with a concentrated colloidal solution, as characterized, 
and discussed in Section S2, Supporting Information.

The evaluation of the zinc interstitial and oxygen atomic 
concentrations across the loaded graphene samples with ZnO 
nanocatalysts based on pristine and grafted GO surfaces was 
further investigated via XPS. This allowed the correlation of 
surface density to the concentration of suspended ZnO nano-
catalysts during the loading process, as exhibited in Figure S8, 
Supporting Information. Spectra with a similar Zn content 
were observed for both series of the loaded samples based on 
pristine and grafted surfaces at 1021.8 ± 0.2 and 1044.9 ± 0.2 eV 
which can be assigned to Zn 2p3/2  and Zn-2p1/2  core levels, 
respectively.[40] Those distinct singular spectra confirm the 

Figure 3. Morphological structures and surface chemistry analysis of the loaded graphene samples with ZnO nanocatalysts at different loading condi-
tions. A,B) FESEM micrographs and C,D) 3D-AFM maps for the loaded graphene oxide (GO) samples at different amounts of nanocatalysts based on 
pristine and grafted chemistries (color bar for the height corresponds to 20 nm of a 1400 nm map size). E,F) The surface densities and sizes distribu-
tions of the nanocatalysts across the loaded samples based on AFM analysis.
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presence of ZnO species across the loaded samples post the 
loading process, as exhibited in Figure 4A. The pristine samples  
loaded with a 10-ppm colloid exhibited relative Zn content 
of 11.6   at%, while the samples loaded with 100  ppm showed 
17.3 at% in agreement with previous reports.[32] In comparison 
to the other loaded samples based on pristine materials, the 
surface-modified samples showed relatively low Zn concentra-
tions at the same range of loading conditions. For instance, the 
maximum Zn content was nearly 4  at% across this series for 
those loaded samples regardless of the loading conditions, sug-
gesting a degree of selective behaviors for the grafted surfaces 
during the adsorption of those suspended nanocatalysts in dif-
ferent colloidal concentrations. Both series of loaded graphene 
samples also exhibited spectra at 532.0  ±  0.2  eV, which could 
be associated with oxygen doubly bound to the aromatic rings, 
for example, an epoxy structure,[41] based on the pristine and 
surface-modified chemistries.[42] Further, a second peak can be 
fitted at 530.2 ± 0.2 eV being assigned to either ZnO chemistry 
or compatible oxide with O2−, as interpreted in Figure S9, Sup-
porting Information.[43]

Analysis was carried out on the C1s spectra to quantify 
the variation of type and contribution of specific functional 
groups, which were developed across the pristine and grafted 
samples and then associated with the different loading con-
ditions. Figure S10, Supporting Information, presents the 
high-resolution spectra of C1s for each series of pristine 
and grafted samples which broadly confirm the surface ele-
mental compositions. Two major peaks observed at 284.2 and 
286.3 eV (±0.2) corresponded to the CC bond with sp2 and 
graphite oxide, respectively. Interestingly, a third major C 
species was observed at 285.6  ±  0.2  eV, indicating the pres-
ence of partially oxidized graphite and this increased with 
the presence of ZnO nanocatalysts across the loaded samples 
based on as-prepared and grafted substrates. Other oxygen-
related functional groups were detected at 288.1 and 289.2 eV 
(±0.2 eV) and were attributed to carbonyl (CO) and carbox-
ylic (COOH), respectively.[44,45] No significant changes in the 
carbonyl and carboxylic groups were seen across the postca-
talysis loading process.

The impact of the nanocatalyst loading on the variation of the 
C oxide concentrations across the series of pristine and grafted 
GO samples was also evaluated by analyzing the oxidized C spe-
cies versus CC ratio obtained from XPS C fitting, respectively. 

Figure  4B,C exhibited an obvious increase of oxidized species 
of C including CO and CO, compared with CC sp2 across 
loaded samples, regardless of the surface chemistry conditions. 
The ratio of oxidized C to CC increases with the increase of 
the concentration of colloidal used during the loading process 
as can be seen by the increase of the 285.6  ±  0.2  eV peak in 
Figure S10, Supporting Information. The outcome implies that 
upon the loading of ZnO colloidal, the GO as substrate can 
be further oxidized. By contrast, the overall oxidized C species 
weights were higher across the loaded samples based on the 
pristine GO compared to the surface-modified substrates. This 
may illustrate that the guided-etching methodology based on a 
particulate-nano template is likely to be initiated once the nano-
catalysts anchor on the graphitic structure and then developed 
further based on the stimuli sources, for instance, the UV–vis-
ible irradiation in this study.

The mechanism of anchoring such ZnO nanocatalysts across 
pristine and grafted GO surfaces is likely to have occurred via 
physisorption interactions due to the difference of electrostatic 
charges between the suspended ZnO nanocatalyst, which are 
peripherally dominated with hydroxyl ligands[46] and can move 
freely in an ethanolic medium via Brownian motion. Also, the 
negatively charged surface of pristine and grafted GO, deco-
rated with oxygenous functional groups across the graphitic 
surfaces and at their unsaturated edges,[27] may assist adsorp-
tion. Using these ZnO particle loading conditions, the surface 
density of nanocatalysts can be precisely tuned in the range 
of 1–103 particle/µm2 across a 2D graphene structure and pre-
serves their nucleated morphology. This refers to the installa-
tion of carboxyl moieties over graphene’s graphitic planes to 
modify its surface. As a result, the grafted graphene substrates’ 
chemical homogeneity may reduce the clustering of such nano-
catalysts during the loading process. However, further theo-
retical studies are required to better understand the molecular 
interactions between nanocatalysts suspended in a colloidal 
solution and the installation of functional groups on graphene 
surfaces.

3.3. Pore Formation Kinetics Based on Photo-Irradiation

To give more insight into the pore formation process, the evolu-
tion of pore depth according to the penetration of the loaded 

Figure 4. A–C) XPS analysis of zinc interstitial and oxygen atomic concentrations across loaded samples at different concentrations of nanocatalysts 
colloidal that include 10, 50, and 100 ppm during the loading process.
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nanocatalysts across few-layer graphene nano-assemblies 
with the irradiating duration was examined via SEM analysis. 
This was carried out via irradiating those samples loaded at a  
100-ppm colloidal concentration of nanocatalysts at a fixed irra-
diance power density, typically of 1100  mW  cm−2  for different 
durations that include 60, 360, and 1080 min, respectively. No 
significant morphological changes have been observed around 
those loaded nanocatalysts over graphitic structure after the 
irradiation for 60 and 360 min, whilst for those samples irradi-
ated over 1080  min, a few ZnO nanocatalysts had penetrated 
the graphitic basal planes at the sub-nanometer level. However, 
samples irradiated for 1080 min exhibited graphitic basal planes 
intercalated with nanocatalysts, which had entirely penetrated 
through the graphitic nanostructure after irradiation, as high-
lighted by blue arrows in Figure 5A.

To evaluate the pore size and depth, as a result of nanocata-
lyst penetration, samples were also characterized via AFM map-
ping. Interestingly, samples irradiated for 60 min exhibited that 
nanocatalysts had penetrated their graphitic planes that were not 
revealed by SEM analysis. This suggests that sample irradiation 
for 60  min should be enough to perforate the graphene struc-
ture under this range of irradiation conditions. It is possible 
that these GO nano-assemblies have almost the same thickness 
(≤10  nm) and thus the smaller nanocatalysts with sizes on the 
same order of the thickness of a few-layer GO structure may 
penetrate completely into the graphitic structure, and become 
not visible (blue  arrows). Conversely, other larger nanocatalysts 
(e.g., ≤30–50 nm) could be observed more apparently by either 
AFM or SEM after the irradiation process, as they protrude from 
the top of the GO assembly. Unpredictably, the representative 

Figure 5. Morphological structures analysis of the loaded GO samples with ZnO nanocatalysts post the UV–visible irradiation process. A) FESEM 
micrographs and B) 2D-AFM maps for the irradiated samples that were loaded of nanocatalysts at fixed distribution 103 particle/µm2. C) Representa-
tive profiles across the irradiated samples at different irradiation durations; inserts represent schematic diagrams illustrating the pore formation and 
expending based on the irradiation durations at different durations that include 60, 360, and 1080 min, separately. Color bars of the heights correspond 
to 20 and 10 nm of a resolution map at 340 and 100 nm scale bar, respectively.
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profiles around the nanocatalysts with an average size of ≤20 nm 
showed a slight increase in the height variation between the par-
ticle surface and the graphitic planes with the development of the 
irradiation duration across the irradiation samples. For instance, 
the samples irradiated for 1080  min showed an average height 
variation of ≤6  nm, while other samples etched for 360  and 
60  min exhibited height variation values of ≤4  and ≤2  nm, 
respectively, as exhibited in Figure 5C. Evaluating the pore-depth 
across NPG assemblies however require more knowledge about 
the chemistry, besides the lateral resolution of AFM mapping, 
which can be provided via AFM-IR analysis.[47]

To attain 2D porous graphitic scaffolds the nanocatalysts 
must be removed, which is often performed via treatment with 
a mild (≈1  m, HCl) acid. In this regard, the time required to 
remove the nanocatalysts was systemically investigated. Loaded 
graphene assemblies which had been irradiated for 1080  min 
were treated with 1 m HCl in ambient conditions and analyzed 
separately at different durations (1, 6, 15, 72, and 168 h).

Examination of the microstructural morphology of these 
treated samples, via SEM and AFM analysis, showed that a sig-
nificant portion of remaining nanocatalysts was bound to the 
pore boundary across the samples treated for 1.0 and 6.0 h. On 
the other hand, samples treated for 6.0 and 15.0 h, exhibited a 
minimal amount of the ZnO nanocatalysts, which had almost 
been removed from those treated samples for a long duration 
up to 168  h, as illustrated in Figure S11, Supporting Informa-
tion. These results may highlight the chemical reactivity poten-
tial of dangling bonds to trap and localize such nanocatalysts 
at the pore boundary across the perforated graphene samples, 
compared with pristine materials.

To evaluate the impact of the acid treatment on the pore for-
mation process and the chemical stability of the pristine mate-
rials during the nanocatalyst removal process, the variation of 
oxygenous functional groups across the graphene structure was 
evaluated via ATR-FTIR and Raman spectroscopy (Figure S12, 
Supporting Information). If the acid treatment has contrib-
uted to the pore formation, more edged carbon atoms across 
graphene sheets–in the form of oxygen-containing functional 
groups–are expected to be generated around pores. However, 
no further development of oxygen-containing groups across 
the graphene layer was observed post the acid treatment at 
different durations up to 168  h. The density of defects across 
GO nano-assemblies was also evaluated via Raman analysis  
(Figure S12C, Supporting Information). A slight increase in 
the ID/IG ratio was observed across the treatment over long  
duration periods up to 168  h, as illustrated in Figure  S12D,  
Supporting Information. To clarify this increase seen in the 
density of defective sites, the morphology of such samples was 
investigated via AFM analysis. The acid treatment duration  
of 168  h for the pristine materials led to the activation of the 
graphitic planes with superficial nanopores (≤10  nm) and 
the doubling of the RMS roughness values compared to the  
as-produced graphene samples, as illustrated in Figure S13, 
Supporting Information. With these results, the acid treat-
ment can extend the size of the intrinsic atomic defective sites 
in a range from a few angstroms to a couple of nanometers 
in the graphitic planes across GO nanostructure. This is in 
good agreement with the literature.[48,49] Further experiments, 
beyond the scope of the current study, for probing such atomic 

defective sites across graphene structure during the acid treat-
ment, would provide a further understanding of the size expan-
sion during the acid treatment at different conditions.

The size and density of pores formed, as well as depth pro-
files, were evaluated via AFM mapping, after ZnO digestion, 
and correlated to irradiation duration. Samples irradiated 
for 60  min possessed a size distribution of nanopores with 
11 ± 12 nm, while other irradiated samples showed an increase 
in the pore size ranges, typically of 20 ± 15 and 40 ± 41 nm for 
360 and 1080 min, respectively (Figure 6D). The impact of the 
irradiation duration on the pore depth profiles and geometry 
shapes was evaluated across those perforated samples that were 
irradiated at different durations. These were interpreted via 
selecting two size ranges of pores across the maps typical of 
20 and 50 nm, as highlighted by the white arrows and circular 
profiles, respectively in Figure 6A. According to the line profiles 
across those pores with 20 nm size, the edges of pores tend to 
be much brighter across the maps of those perforated samples 
that were irradiated for 1080 min, as exhibited in the inserts in 
Figure 6B. The brighter regions observed around pore boundary 
have been reported in the previous studies and are attributed to 
the development of mechanical stress[14,50] at the edges of pores 
generated either through the intercalation or detaching of such 
nanocatalysts. These findings were found in agreement with 
the increase seen in the height variation between the nano-
catalysts and graphitic planes prior to the removal of nanocat-
alysts, as illustrated in Figure  5C. This may indicate that the 
pore depth can be much deeper across the perforated samples 
that were irradiated for 1080  min, compared with other sam-
ples at short durations. For the relatively large pores ≤50  nm, 
the pore boundary was observed to be expanded with the 
increasing of the irradiation duration and to be more irregular 
post the removal of nanocatalysts during the acid treatment, 
as illustrated by the white circles in Figure  6A. Moreover, the 
samples that were irradiated for 360 and 1080 min exhibited an 
enlargement of the sizes of generated pores across their upper 
graphitic planes, which suggests that the conical-shaped nano-
channels can be generated across such multilayer GO samples 
with the development of the irradiation duration during the 
perforation process. This procedure is therefore supposed to 
leave nanopores behind them with the maximum pore-depth 
across the graphitic structures.

3.4. Fine-Tuning of the Porosity Parameters across Perforated 
Graphene Based on Its Surface Chemistries

The porosity parameters of such 2D porous graphitic scaffolds 
in terms of sizes, densities, and depths across perforated gra-
phene were investigated via AFM analysis based on pristine 
and grafted samples. This was typically then correlated to the 
loading conditions of such nanocatalysts prior to the irradiation 
process. Figures 7A and C represent AFM maps of the perfo-
rated samples that were previously prepared by different col-
loidal concentrations that include 10, 50, and 100 ppm during 
the loading process based on pristine and grafted chemistries, 
respectively.

The perforated samples previously loaded with 10  and 
50  ppm ZnO nanoparticles exhibited size distribution values 
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of 12  ±  10  and 20  ±  15  nm, while those perforated samples 
prepared with 100  ppm exhibited size distribution ranges of 
40 ± 41 nm, respectively. This suggests that the generated pores 
can be merged, that is, nanocracks can be reduced across the 
pristine GO structure via tuning the concentration of used 
nanocatalysts. The density of generated pores across GO sam-
ples was found to follow the morphological properties of the 
designed particulate template and be able to be tuned via con-
trolling the nanocatalyst concentration and then irradiated at 
fixed conditions (irradiance of 1100  mW  cm−2  for 1080  min 
duration), as illustrated in Figure 7B. As an additional strategy, 

the incorporation of the phenylcarboxylate groups may serve as 
an anchoring mechanism for the ZnO nanocatalysts, allowing 
them to distribute evenly across the substrate surface.

The impact of incorporating the phenylcarboxylate layer after 
the loading of nanocatalysts and the irradiation process proce-
dure was evaluated at different ZnO concentrations. Interest-
ingly, when using the surface-modified graphene substrate, a 
significantly narrower distribution of pores (20  ±  12  nm) was 
observed when loaded in a 100 ppm ZnO colloid. This is equiv-
alent to two times less than that obtained via the same protocol 
and relying on the innate graphene surface chemistry. Those 

Figure 6. Morphological structures analysis of the perforated GO samples post the removal of nanocatalysts. A) 2D-AFM maps of perforated that 
were irradiated at different durations that include 60, 360, and 1080 min, separately at fixed distribution 103 particle/µm2. B) The pore analysis in term 
of the size distributions and depth profiles for the perforated samples at different irradiation durations. C) Schematic diagram illustrating the pore 
formation process and the bumping occurs around the pore edges across the graphitic planes. D) The correlation of the porosity parameters in terms 
of the sizes as a function of the irradiation duration. Color bars of the heights correspond to 10 and 5 nm of a resolution map at 340 and 100 nm scale 
bar, respectively.
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samples using a surface modification approach demonstrated a 
pore density of 103 pore/µm2, which is almost the same as that 
achieved by pristine materials. As an additional benefit, the sur-
face modification has also overcome the merging issue between 
generated pores at the same perforation conditions, generating 

a much more homogeneous and controlled perforated struc-
ture. Moreover, the representative profiles of the modified sub-
strates revealed more cylindrical-shaped pores, with a much 
deeper cavity compared with the conical geometry observed for 
the pristine material, as exhibited in Figure 7B,D.

Figure 7. Morphological structure analysis of perforated nano-assemblies at different loading amounts of nanocatalysts. A,C) 2D-AFM maps of the 
perforated pristine and grafted GO nanostructure that were previously loaded at different concentrations that include 10, 50, and 100 ppm, separately, 
and then irradiated at a fixed duration (1080 min). B,D) The pore analysis in term of the size distributions and inserts illustrate the pore profiles across 
those perforated samples based on their surface chemistries. Color bars of the heights correspond to 10 and 5 nm of a resolution map at 340 and 
100 nm scale bar, respectively.
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3.5. Insight into the Photocatalytic Perforation Mechanism

The pore formation process was elucidated by Raman analysis, 
via monitoring the variation of crystallographic properties of 
the graphene structure, by comparing the 2D-to-G and D-to-G 
band ratio during photocatalytic perforation stages.[10,51–53] 
The results were summarized and tabulated in Table S3, Sup-
porting Information. Raman spectra of pristine and grafted GO 
samples exhibited several peaks, corresponding to the D-, G-, 
D′-, G′-, and D+D′-band. G- and G′-bands during the photocata-
lytic perforation stages, as illustrated in spectra in Figure S14, 
Supporting Information.

The impact of the electrochemical grafting on the graphene 
lattices was assessed based on Raman spectra for grafted sam-
ples. The grafted GO samples showed ID/IG ratio values similar 
to those obtained by the pristine analogues prior to surface 
grafting. This suggests that the grafting process has minimal 
influence on the formation of atomic defective sites across GO 
lattices, in agreement with other findings in the literature.[54,55] 
To shed light on the impact of electrochemical grafting on the 
development of defective sites across the graphitic structure, 
the revealed trends were compared to other grafting studies 
using other graphene structures, typically CVD-grown gra-
phene[36] and graphene nanoribbons[56] in their grafting experi-
ments. Such graphene materials indeed exhibited an increase 
in the defect density post the electrochemical grafting, which 
is not in agreement with our findings. This inconsistency may 
be ascribed to the crystallographic properties of the raw gra-
phene used during their electrochemical grafting experiments, 
as CVD-grown graphene and graphene nanoribbons were con-
sidered as unperturbed graphitic structures in comparison with 
these GO samples used in this study with their sp3 hybridized 
bonds, thus the conjugated sp2-network is already perturbed 
prior to the electrochemical grafting.[36] Considering that the 
surface modification process is carried out using cyclic voltam-
metry (−1 to +1  V, vs Ag/AgCl), the reductive electrochemical 
potential may have increased the crystallinity of graphene 
lattice.[57] No change of I2D/IG ratio was however observed 
after electrochemical grafting, indicating lower amounts of 
sp3-hybridization defects created on graphitic planes and minor 
changes in their crystallographic during the grafting process in 
this range of conditions.

As grafted GO samples were vertically dipped into nanocata-
lyst colloidal at 100 ppm concentration, the ID/IG ratio increased 
by nearly 10% compared to their grafted samples prior to the 
loading process, which is in good agreement with other perfo-
ration studies.[32,52] This increase in the defect density may be 
attributed to the physisorption of nanocatalysts on grafted gra-
phitic planes, which are expected to develop a higher amount of 
sp3-hybridization defects across graphene samples. The I2D/IG 
ratio increased from 0.080  to 0.342  after the loading process, 
as a result of remarkable increase in the crystallinity nature of 
such grafted samples. The development of crystallinity prop-
erties may be ascribed to the nanoparticle adsorption across 
graphitic planes, which is likely to occur through the interac-
tion of the hydroxyl groups on the nanocatalyst surface with 
the carboxyl groups within defect sites on the GO sheets.[27] 
Such interactions may lead to minimizing the concentration 
of functional groups, which is suggesting a partial restoring 

of the sp2-conjugated network.[58,59] Interestingly, the grafted 
GO samples showed an I2D/IG ratio less than that of pristine 
materials, which may refer to a preferential adsorption reaction 
of nanocatalysts with grafted GO surfaces during the loading 
process. These findings were found in a good match with the 
low zinc interstitial across those loaded samples based on the 
surface-modified chemistry compared with the pristine struc-
ture, which had been revealed via XPS analysis.

After UV–visible irradiation in an aqueous medium for 
1080  min, a significant decrease in the magnitude of I2D/IG 
ratios was observed. This indicates that the irradiation pro-
cess in the presence of nanocatalysts may reduce the crystal-
line nature of graphene nanostructure, as would be expected 
with the formation of nanopores, as shown in Figure 8A,B. 
Such activated pores are also expected to leave graphitic planes 
decorated with more oxygenous functional groups after the 
photo-etching process, typically carboxylic and carbonyl groups 
around the edges of generated pores. Thus, a further increase 
in the sp3-hybridization defects across the perforated graphene 
structure is typically observed.[60–62] The NPG samples based 
on the modified surface with the aryl-diazonium salt, exhib-
ited no change in the ID/IG similar to other perforated samples 
based on pristine GO nanostructure after nanocatalyst removal. 
Those perforated graphene samples demonstrated an increase 
in the crystallinity nature across their graphitic structure that 
suggests a degree of chemical reduction of the previously pro-
duced functional groups during the photo-etching process.[63,64]

To highlight the role of installed surface chemistry of gra-
phene and the nanocatalyst functionality during perforation, 
control experiments were conducted using other graphene 
materials, for example, RGO, with minimal oxygenous func-
tional groups. RGO samples (control) showed no significant 
change in the density of defects and demonstrated a constant 
ID/IG ratio during the photocatalytic perforation stages as shown 
in Figure 8A. This may be attributed to the high defective nature 
of RGO structures, with an ID/IG ratio of nearly 1.4. An increase 
in RGO crystallinity was observed after the loading of nanocata-
lysts to the RGO surfaces, though this increase was smaller, 
relative to loaded pristine and grafted GO samples (check blue 
circle in Figure 8B). This suggests minimal interaction between 
graphitic planes and nanocatalysts, as the chemical reduction 
via exposure to N2H2 vapor tends to leave the graphitic planes 
with a lower concentration of functional groups that can be 
reduced later via the phototreatment.[27,65] Interestingly, the irra-
diated RGO samples exhibited a similar trend of the crystallinity 
nature to that of irradiated pristine, and grafted GO samples. 
However, no nanopores were observed across treated RGO sam-
ples, as illustrated in Figure S15, Supporting Information.

In order to emphasize the role of UV radiation on the devel-
opment of defects across the graphene materials at different 
irradiation conditions in terms of powers and durations, the 
microstructure morphology analysis of irradiated GO films was 
considered.[66] The GO films irradiated at 305−315 nm exhibited 
a sharp decrease in the oxygen-related functionalities. Other 
films, irradiated at a wavelength range of 310–380  nm for up 
to 480  min, led only to atomic defective sites, as well as the 
amorphization across the graphitic structure, with no nano-
pores being observed. With these findings, the role of nano-
catalysts and the grafting layer in localizing the pore formation 
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during the photo-excitation mechanism,[10,11] as well as the UV 
irradiation duration to ablate few carbon clusters from the gra-
phitic structure during the photocatalytic perforation protocol, 
is demonstrated and illustrated in Figure  8C. Based on the 
photo-etching process, ZnO nanocatalysts as pore-mediators 
may lower the activation energy necessary to induce site-selec-
tive pores across graphene.[14] This may have occurred through 
stimulating free radicals during photo-excitation. However, 
in  situ perforation experiments[11,67,68] for probing such short-
lived oxygen-derived radicals created during the reaction will 
provide a better understanding of the perforation mechanism. 
The heating effect of UV irradiation, on the other hand, cannot 
be neglected, especially when loaded samples are irradiated for 
long periods. While this heating may play a role in the etching 
process, we consider that by initiating oxidative etching, the UV 
light is the primary source of pore formation.

To benchmark the perforation performance of the proposed 
protocol, the achieved porosity parameters by this photocata-
lytic perforation methodology have been compared with those 
obtained by other guided-etching perforation methodologies 
including nanolithography[69,70] and particulate-template[12,71] 

techniques. Those techniques offer distinct ranges of pore size 
distributions in a range of 20–200 nm, as well as pore densities 
from 101 to 103 pores/µm2, as summarized and tabulated in Table 
S3, Supporting Information. The achieved porosity para meters in 
this work were found to be on the same order of performance as 
other lithographic techniques. Here, the achieved porosity param-
eters of such perforated graphene nano-assemblies in terms of 
sizes, densities, and depths were engineered by controlling the 
proposed photocatalytic perforation conditions. This perforation 
protocol not only overcomes the need for the external template 
but also offers a sustainable/environmental approach, avoiding 
using either highly corrosive chemicals, or high-temperature 
furnaces to incorporate pores across multilayer graphene assem-
blies. However, sculpting pores at the same dimension across 2D 
nano-assemblies using this approach may be problematic due 
to the difficulties of managing the morphological properties of 
such particles transferred to graphene surface at a sub-nanometer 
level.[4] To realize NPG membranes via the proposed protocol, the 
assembly of such sheets over the porous supports, followed by the 
perforation process is the optimal approach.[9,72] Utilizing the syn-
ergistic relationship between the pore-mediator morphology and 

Figure 8. A,B) Raman analysis of crystallographic properties for surface graphene chemistries during photocatalytic perforation stages in terms of (A) 
defect density and (B) crystallinity nature. C) Schematic diagram illustrating the mechanism of the pore formation based on the proposed photocata-
lytic perforation and FESEM micrographs of perforated graphene-based on diazonium chemistry of 103 pore/µm2 at a resolution of 200 nm and 10 nm,  
respectively. D) The benchmarking of the photocatalytic methodology in light of the state of the art of perforation methodologies.[10,11,32,69,70,73–75]
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the graphene membrane thickness during the photo-etching pro-
cess is a prerequisite to achieving membranes for practical uses.

4. Conclusions and Prospects

In the present work, we successfully perforated few-layer gra-
phene assemblies using an aryl-diazonium chemistry-assisted 
nanocatalysts array. The sizes and densities of the nanocata-
lysts were controlled across particulate-nanotemplate during the 
nucleation and loading processes. Nanopores were engineered 
across graphene nanostructures with various pore size ranges of 
20–100 nm depending on the irradiation duration. The perfora-
tion density was also tunable (101–103  pores/µm2) on the same 
order of the loaded nanocatalysts to the graphene surfaces.

The uniformity of oxygen-related functional groups across 
graphene, via incorporating a surface modification layer, led to 
significantly narrower pore distribution, avoiding the merging 
of generated pores, that is, nanocracks across perforated 
nano-assemblies. The perforation mechanism was shown to 
be facilitated by semiconducting nanoparticles, for example, 
ZnO-NPs in this study, accelerating the oxidation of carbon 
clusters across the graphitic planes in direct contact with such 
nanocatalysts under UV–visible irradiation. The photo catalytic 
perforation methodology presented showed a practical route 
to fabricate perforated nano-assemblies based on 2D graphene 
over a centimeter-scale with the tunable porosity parameters 
(size, density, and depth) as that reported for lithographic 
techniques. This approach also avoids the complexity related 
to the nanolithographic perforation processes. Last, advanced 
geometries of the nanocatalysts in the photocatalytic perfora-
tion methodology can control the geometry of nanochannels, 
moving from conventional cylindrical-shape to more complex 
geometries to match the 3D structure of biomolecules, pro-
viding better performance for complex DNA sequencing and 
fractionation, to give more insight into the human genome 
functionality.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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