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Abstract: Effective methods for the covalent 
functionalization of pristine graphene are limited 
due to its low chemical reactivity. We developed 
a covalent chemistry to functionalize graphene 
using perfluorophenyl azide (PFPA) and 
demonstrated that the reactivity of graphene can 
be enhanced by metal substrates. In this work, we 
investigated the impact of crystalline lattice and 
morphology of Cu on the reactivity of graphene 
with PFPA. Graphene grown on single crystalline 
Cu(111) (Gra/Cu(111)) exhibited the highest 
degree of functionalization, as evidenced by the 
largest increase in the D-band intensity obtained 
from Raman spectroscopy and Raman mapping, along with a low crystallite domain size LD and a high defect 
density nD. In contrast, graphene grown on electropolished polycrystalline Cu (Gra/pCu) showed minimal 
reactivity toward PFPA reaction. Further Raman analyses demonstrate that Cu(111) induces stronger charge 
transfer and higher strain in graphene compared to pCu, primarily due to superior lattice matching between 
graphene and Cu(111), leading to higher reactivity of Gra/Cu(111) toward electron-deficient perfluorophenyl 
nitrene. Upon transfer of graphene grown on Cu(111) to other substrates, including Cu(111), electropolished pCu, 
and silicon wafer, the reactivity decreased, and the reactivity of transferred graphene correlates mainly with surface 
roughness. The decreased reactivity is attributed to weakened graphene–substrate charge interactions after transfer. 
These findings establish substrate engineering as an effective and non-invasive method for tuning the chemical 
reactivity of graphene without the need for harsh activation conditions.  
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1. Introduction 

Functionalization of graphene is an important strategy to expand its applications in electronics, sensing, 
energy storage and biotechnology [1–3]. Various covalent functionalization approaches have been reported, 
including radical reactions with diazonium salts and peroxides, oxidation, (2+1) cycloadditions with nitrenes, 
carbenes or malonate derivatives, (2+2) cycloadditions with arynes, (3+2) cycloadditions with azomethine ylides, 
and (4+2) cycloadditions with dienes or dienophiles [3,4]. Among these, the (2+1) cycloaddition with aryl nitrene 
is unique in that the reaction can be initiated with UV, heat, or microwave irradiation. Upon the release of N2, the 
generated nitrene reacts with graphene to produce covalent adduct. For the reaction of azides with graphene, the 
(2+1) cycloaddition product aziridine has generally been proposed to be the product structure, analogous to the 
reaction of azide with other carbon materials such as fullerene [5–7]. However, the exact product structure has not 
been explicitly confirmed experimentally. 

Various azides, including alkyl, silyl, and aryl azides have been used for the covalent functionalization of 
graphene and highly oriented pyrolytic graphite [8–12]. Literature examples on using azides to functionalize 
graphene is summarized in Table S1. Compared with perfluorophenyl azides (PFPAs), alkyl, phenyl, and silyl 
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azides exhibit much lower efficiency. This limitation arises from several intrinsic factors. The short lifetime of 
singlet nitrenes derived from these azides restricts their ability to engage in productive C-H insertion and 
cycloaddition reactions [13,14]. Upon photolysis or thermolysis, alkyl and phenyl azides rapidly undergo 
intersystem crossing (ISC) to the more stable triplet state that is significantly less reactive towards insertion and 
cycloaddition reactions. In contrast, the strongly electron-withdrawing fluorine atoms of fluorinated aryl azides 
such as PFPAs suppress ring expansion and ISC, thereby prolonging the singlet nitrene lifetime and enhancing 
their selectivity toward addition reactions. In the case of silyl azides, steric hindrance plays an important role as 
silyl azides generate bulky nitrenes in which substituents around the reaction center hinder orbital overlap with 
graphene’s delocalized π network [10,15]. This steric hindrance increases the activation barrier for forming the 
aziridine ring in the (2+1) cycloaddition, resulting in reduced grafting yields and poor uniformity of 
functionalization. Safety and stability concerns further limit their practical use [16]. Many alkyl azides are 
thermally unstable and sensitive to shock or light, posing explosion hazards during synthesis and handling. Silyl 
azides, while somewhat more stable, are moisture-sensitive and decompose to release toxic gases under ambient 
conditions. These factors limit reactions with alkyl and silyl azides. 

Aryl azides have been increasingly applied in the functionalization of surfaces and nanomaterials, 
demonstrating remarkable versatility in the covalent functionalization of small organic molecules, polymers, 
proteins, and carbon materials including fullerenes, carbon tubes, and graphene under ambient, solid state, as well 
as biological conditions [17,18]. Perfluorophenyl azides (PFPAs) are particularly attractive due to the ease of 
synthesis from commercially available precursors and the excellent stability under dark conditions. In addition, 
PFPAs can be readily functionalized with a wide range of reactive groups such as carboxylic acid and its activated 
esters, e.g., N-hydroxysuccinimidyl ester, silanes, phosphates, thiols and disulfide, enabling ready conjugation to 
both organic and inorganic substrates. Building on these, we and others have employed PFPA chemistry to 
functionalize graphene to introduce well-defined functional groups, to pattern graphene, and to fabricate graphene-
based nanocomposite materials [19–28]. However, the PFPA reaction on graphene typically results in a relatively 
low degree of functionalization under standard reaction conditions. 

Substrate engineering has emerged as a promising strategy in increasing the reactivity of graphene by 
inducing strain and/or charge doping in the carbon lattice [29,30]. Tensile or compressive strain alters the π-orbital 
alignment, while charge transfer between graphene and the substrate shifts the Fermi level to favor either 
electrophilic or nucleophilic reaction. These substrate-induced perturbations directly influence the extent and 
selectivity of covalent functionalization on graphene. In the reaction with PFPA, computational study revealed 
that metal-assisted charge transfer lowers the singlet–triplet energy gap, thereby stabilizing the reactive singlet 
nitrene and enhancing the efficiency of the cycloaddition reaction [21]. Consistent with this prediction, graphene 
supported on Ni and Cu exhibited higher PFPA reactivity than that on silicon wafer (SiO2/Si). In this case, the 
samples were prepared by transferring graphene grown by chemical vapor deposition (CVD) onto polycrystalline 
Ni and Cu films [21,31]. 

It has also been reported that the crystal orientation of the metal substrates can influence the reactivity of 
graphene. For example, graphene grown on single crystalline Cu(111) exhibits higher reactivity than that on 
polycrystalline Cu (pCu), an effect attributed to substrate-induced strain and charge transfer interactions [32–35]. 
This substrate-dependent behavior suggests that the crystallographic orientation and morphology of the underlying 
substrate can be exploited to control the extent of nitrene reaction and thereby fine-tune the degree of covalent 
functionalization of graphene. 

In this work, we investigated how the crystallographic orientation and morphology of the Cu substrate affect 
the reactivity of graphene toward PFPA functionalization. Graphene was grown via CVD on Cu(111) and pCu. 
Graphene grown on Cu(111) was also transferred onto Cu(111), electropolished pCu (epCu) and SiO2/Si  
(Scheme 1). Using Raman spectroscopy and Raman mapping, we quantified the extent of functionalization and 
correlated it with substrate-induced strain and charge doping effects. Our results reveal that graphene grown on 
Cu(111) undergoes the highest degree of functionalization, consistent with its strong substrate coupling with 
Cu(111). These findings establish substrate crystallography and morphology as an important parameter for tuning 
the reactivity of graphene towards PFPA reaction. 
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Scheme 1. (A) Synthesis of CVD graphene on pCu (Gra/pCu) and on Cu(111) (Gra/Cu(111)), and transfer of 
graphene grown on Cu(111) to silicon wafer (GraT/SiO2/Si), electropolished polycrystalline Cu (GraT/epCu), and 
Cu(111) (GraT/Cu(111)). (B) Photochemical reaction of graphene with PFPA 1. 

2. Experimental Section 

2.1. Materials and Instruments 

Copper foils (25 µm thick, annealed, uncoated, 99.8%) and Cu plate (0.675 mm thick, annealed, 99.9%) were 
purchased from Alfa Aesar (Ward Hill, MA, USA). Silicon wafers with 280 nm thermally grown SiO2 (single-
side polished) were purchased from Fuleda Technology (Wan Chai, China). Ethanol (200 proof) was purchased 
from Decon Labs, Inc (King of Prussia, PA, USA). Acetone (certified ACS), methanol (certified ACS), 
isopropanol (>99.5%), and hydrochloric acid (certified ACS Plus) were purchased from Fisher Chemical 
(Bridgewater, NJ, USA). Urea (99.63%, certified ACS) were purchased from Fisher Chemical (Fair Lawn, NJ, 
USA) All aqueous solutions were prepared from Milli-Q water (18.2 MΩ·cm). Hydrogen, argon, and methane 
gases (ultrahigh purity grade) were purchased from Airgas (Billerica, MA, USA). Poly(methyl methacrylate) 
(PMMA, average molecular weight: 996,000) was purchased from Aldrich Chemical (Milwaukee, WI, USA). 
Phosphoric acid (>85 wt%) was purchased from Honeywell (USA). Methyl 4-azido-2,3,5,6-tetrafluorobenzoate 
(PFPA 1) was synthesized according to a previous procedure [36]. N-Methyl-2-pyrrolidone (NMP, anhydrous, 
99.5%) and iron(III) chloride (97%) were purchased from Sigma-Aldrich (Milwaukee, WI, USA). 

The photochemical reaction was carried out in a UV box equipped with a 450 M medium-pressure mercury 
lamp. The intensity of the UV lamp was measured to be 36 mW/cm2 at 280 nm at the location of the reaction using 
a Coherent FieldMate power meter fitted with a PowerMax PM30 sensor having an active area diameter of 19 mm 
(Coherent, Inc., Santa Clara, CA, USA). Raman spectra were collected on a Bruker Senterra I spectrometer 
equipped with a 532 nm laser at the incident power of 1 mW and irradiation time of 10 s. Raman mapping was 
performed using a HORIBA Scientific Raman microscope equipped with a 532 nm excitation laser. Spectra were 
acquired with an integration time of 1 s over the range of 1000–3000 cm−1. Each mapping spot covered an area of 
2 × 2 μm2, and a 7 × 7 mapping image (49 spots) was collected for each sample. Atomic force microscopy (AFM) 
images were obtained using a Bruker Multimode AFM in the tapping mode. Optical images were recorded on a 
Nikon ECLIPSE L200 microscope using a Moticam 2500 camera. X-ray diffraction (XRD) analysis was carried 
out on a Rigaku MiniFlex 600 diffractometer equipped with Cu Kα radiation (λ = 1.5418 Å). 
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2.2. Fabrication of Graphene on pCu and Cu(111) 

Monolayer graphene was synthesized by CVD on both pCu and Cu(111) following a previous procedure [37]. 
The substrates were prepared from commercial Cu foils that were electropolished to remove surface oxides and 
reduce surface roughness. Electropolishing was carried out by using commercial Cu foils as the anode and a copper 
plate as the cathode at a constant current of 2.8 A for 180 s. The electropolishing solution was prepared from a 
stock solution containing 1000 mL of Milli-Q water, 500 mL of phosphoric acid, 500 mL of ethanol, 100 mL of 
isopropyl alcohol, and 10.0 g of urea. After electropolishing, the Cu foils were thoroughly rinsed with water, 
ethanol, and acetone, and then dried under an argon stream to give epCu. 

To synthesize Gra/pCu, the electropolished Cu foil was first annealed at 1000 °C in a homebuilt CVD furnace [37] 
under a flow of H2 (10 sccm) and Ar (~15 sccm) for 1 h to give pCu (Scheme 1). After annealing, the argon valve was 
closed, and CH4 (3–6 sccm) was introduced while maintaining the H2 flow at 10 sccm. Graphene was grown at 1000 °C 
for 30 min. The furnace was then rapidly cooled to ~50 °C under a continuous flow of H2 and CH4, after which the gases 
were turned off and the chamber was open to ambient environment. 

To synthesize Gra/Cu(111), the electropolished Cu foil was annealed at 1060 °C for 3 h under a flow of H2 
(10 sccm) and argon (~15 sccm) to produce Cu(111) (Scheme 1). Graphene growth on Cu(111) was carried out in 
the same manner as for pCu except at the growth temperature of 1060 °C. 

2.3. Transfer of Graphene onto SiO2/Si, epCu, and Cu(111) 

Graphene grown on Cu(111) was transferred to silicon wafer (SiO2/Si), epCu, and Cu(111) using the PMMA-
assisted wet-transfer method [38]. Briefly, a solution of PMMA in acetone (40 mg/mL) was spin-coated on the 
side of graphene at 1000 rpm for 1 min. The Cu foil was then etched away in a FeCl3/HCl (1 M FeCl3 in 3 M HCl) 
for 3 h. The PMMA-supported graphene film was rinsed thoroughly in 1 M HCl solution followed by Milli-Q 
water several times. PMMA-supported graphene was then scooped from Milli-Q water onto the target substrate. 
After drying at room temperature, the sample was immersed in acetone for 3 h, repeated once more to obtain a 
clean graphene film on the target substrate, yielding GraT/SiO2/Si, GraT/epCu, and GraT/Cu(111) (Scheme 1). 

2.4. Reaction of Graphene with PFPA 

Graphene supported on different substrates was immersed in an anhydrous NMP solution of PFPA 1 (0.1 M). 
The sample was then irradiated with a 450 M medium-pressure mercury lamp through a 280-nm long-pass optical 
filter at room temperature for 40 min. After irradiation, the sample was rinsed with acetone three times. Except for 
GraT/SiO2/Si which was used directly for Raman characterization, other samples were transferred onto silicon 
wafer prior to Raman characterization. 

2.5. Characterization by Raman Spectroscopy and Mapping 

For each sample, Raman spectra were collected from randomly selected 76–246 points across the graphene 
surface to account for spatial inhomogeneity. The peak height of D (~1350 cm−1) and G (~1590 cm−1) bands was 
used to calculate peak intensity and ID/IG. Crystallite domain size (LD) and defect density (nD) were calculated 
using the Tuinstra–Koenig relation [21]. The relative change in ID/IG (ΔID/IG) before and after reaction was 
quantified as 

Δ𝐼஽/𝐼 = ሺ𝐼஽/𝐼 )after − (𝐼஽/𝐼 )before(𝐼஽/𝐼 )before
× 100 

3. Results 

3.1. Preparation of Monolayer Graphene on Various Substrates 

Monolayer graphene on Cu(111) (Gra/Cu(111)) or pCu (Gra/pCu) was prepared in a home-build CVD setup 
following the protocol developed previously [37]. In the process, commercial polycrystalline copper foils were 
first subjected to electropolishing to remove surface contaminants and reduce surface roughness, yielding epCu. 
The foils were then annealed in the furnace at 1000 °C for 1 h or at 1060 °C for 3 h to give pCu or single crystal 
Cu(111), respectively (Scheme 1). The XRD pattern of commercial pCu, electropolished pCu and annealed pCu 
all shows multiple prominent diffraction peaks corresponding to (331), (111), (220), and (200) facets, with the 
(331) being the most intense (Figure 1). On the other hand, as-prepared Cu(111) foil contains a single sharp 
diffraction peak corresponding to the (111) facet. To grow graphene, annealed pCu and Cu(111) foils were exposed 
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to 10 sccm H2 and 3–6 sccm CH4 at 1000 °C or 1060 °C for 30 min to give Gra/pCu or Gra/Cu(111), respectively. 
Graphene transferred to other substrates was prepared by transferring Gra/Cu(111) to silicon wafer, epCu, or 
Cu(111) by PMMA-assisted wet transfer to give GraT/SiO2/Si, GraT/epCu, and GraT/Cu(111) (Scheme 1). 

 

Figure 1. XRD patterns of (A) as-received polycrystalline copper foil, (B) electropolished polycrystalline copper 
foil (epCu) (C) electropolished polycrystalline copper foil annealed in H2/Ar at 1000 °C for 1 h (pCu), and  
(D) Cu(111) foil. 

3.2. Functionalization of Graphene on Different Substrates 

Reactions were carried out by immersing graphene samples in 0.1 M solution of PFPA in anhydrous NMP, 
covered the vial with a 280-nm long-pass filter, and then irradiated with a medium-pressure Hg lamp at room 
temperature for 40 min. The irradiation time was selected based on our previous systematic investigation of PFPA 
reactions with graphene [21]. We have also demonstrated that without PFPA, irradiating graphene in NMP under 
identical conditions showed no increase in the Raman D band intensity, indicating that neither NMP nor UV 
irradiation introduces detectable defects in graphene under the reaction conditions [21]. After extensive rinsing with 
acetone and drying, graphene supported on Cu was transferred onto silicon wafer, and Raman spectra were collected. 
The as-grown Gra/pCu (Figure S1A) and Gra/Cu(111) (Figure S2A) showed the characteristic single layer graphene 
features of symmetric 2D peak and I2D/IG > 2, as well as minimal D band, indicative of minimal structural defects in 
the as-prepared unfunctionalized graphene. After reaction with PFPA, all functionalized graphene samples  
(Figure 2A) exhibit defect-related D bands at ~1350 cm−1 with varying intensities reflecting different extents of defect 
incorporation [29,39]. After functionalization, Gra/Cu(111) shows the most pronounced D peak together with a D’ 
band at ~1625 cm−1 (Figures 2A and S2B). The D band arises from defect-activated intervalley scattering, whereas 
D’ band originates from intravalley scattering and is particularly sensitive to localized point-like sp3 defects [40,41]. 
The simultaneous presence of D and D’ bands indicate localized symmetry-breaking defects introduced by PFFA 
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functionalization of graphene. In contrast, Gra/pCu shows the weakest D-band intensity (Figures 2A and S1B). The 
transferred samples (GraT/SiO2/Si, GraT/epCu, and GraT/Cu(111)) exhibit intermediate D-band intensities, following 
the trend GraT/Cu(111) > GraT/epCu > GraT/SiO2/Si (Figures 2A and S2C–E). 

 

Figure 2. Raman analysis of graphene supported on different substrates after reaction with PFPA. (A) Typical 
Raman spectra of PFPA-functionalized Gra/Cu(111), GraT/epCu, GraT/Cu(111), GraT/SiO2/Si, and Gra/pCu. 
Additional Raman spectra can be found in Figures S1B and S2B–E. (B) Box-violin plots showing the distribution 
of ID/IG for PFPA-functionalized graphene samples. The boxes represent the interquartile range (25th–75th 
percentile), with whiskers indicating the data spread. The surrounding violin plots show the full probability 
distribution of the data, obtained from 82 (Gra/pCuinitial), 210 (Gra/pCu), 112 (Gra/Cu(111)initial), 76 (GraT/SiO2/Si), 
145 (Gra/Cu(111)), 130 (GraT/epCu), and 246 (Gra/Cu(111)) Raman spectra, respectively. (C) Raman-derived 
parameters, ID/IG, %ΔID/IG, LD, and nD, of graphene samples before and after reaction with PFPA. The LD, and nD 
calculations can be found in Supplementary Materials. Data are presented as mean ± standard deviation. 

Further Raman analyses (Figure 2C) show that after reaction with PFPA, the relative change in ID/IG, 
%ΔID/IG, was 7.7% for Gra/pCu. On the other hand, ID/IG of Gra/Cu(111) increased substantially to ΔID/IG of 56% 
after reaction with PFPA. The transferred graphene samples show intermediate increase in ΔID/IG, at 5.6%, 22%, 
and 50% for GraT/SiO2/Si, GraT/Cu(111), and GraT/epCu, respectively. Overall, the extent of defect incorporation 
follows the trend of Gra/Cu(111) > GraT/epCu > GraT/Cu(111) > Gra/pCu ≈ GraT/SiO2/Si, with Gra/Cu(111) 
having the highest degree of defect incorporation. 

Raman mapping of ID/IG was performed to visualize the spatial distribution of PFPA functionalization of 
graphene across graphene supported on different substrates (Figure 3). Consistent with the Raman spectroscopy 
data in Figure 2, as-prepared Gra/pCu (Gra/pCuinitial) exhibits a low and spatially uniform ID/IG of 0.13 ± 0.03, 
which increases only marginally to 0.14 ± 0.02 after PFPA functionalization, indicating minimal structural 
modification. Similarly, as-prepared Gra/Cu(111) (Gra/Cu(111)initial) shows a low average ID/IG of 0.16 ± 0.03. 
After PFPA functionalization, a high ID/IG of 0.34 ± 0.13 is observed for Gra/Cu(111), together with localized 
regions of significantly increased ID/IG, indicating that graphene directly grown on Cu(111) undergoes the most 
extensive functionalization. GraT/SiO2/Si displays a small increase in ID/IG to 0.19 ± 0.05, whereas GraT/Cu(111) 
shows a modest increase in ID/IG to 0.24 ± 0.10. More pronounced increase in ID/IG was observed for GraT/epCu, 
which exhibits an elevated ID/IG of 0.29 ± 0.17. 
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Figure 3. Raman ID/IG mapping of graphene on different substrates before (initial) and after PFPA functionalization. 
Each Raman mapping spot corresponds to an area of 2 × 2 μm2. 

3.3. Extent of Functionalization 

To quantify the extent of functionalization, statistical analyses of crystallite domain size (LD) and defect 
density (nD) [40,41] were performed and results are shown in Figure 3C. Here, LD represents the average distance 
between neighboring point defects, while nD denotes the number of defects per area and is inversely proportional 
to LD

2. Figure 4A shows box violin plots of LD for all samples, showing the data as well as statistical distribution. 
The as-prepared Gra/pCu and Gra/Cu(111) exhibit relatively large LD values (41 ± 16 nm and 33 ± 13 nm, 
respectively), indicating large crystallite domain size. After PFPA functionalization, LD decreases slightly for 
Gra/pCu (38 ± 16 nm) but more significantly for Gra/Cu(111) (27 ± 10 nm), indicating enhanced defect 
incorporation on Gra/Cu(111). Transferred samples also show reduced domain sizes, with GraT/epCu and 
GraT/Cu(111) yielding LD values of 26 ± 8.6 nm and 29 ± 9.1 nm, respectively. In contrast, Gra/SiO2/Si shows 
only a minimal change (33 ± 14 nm), consistent with its relatively low reactivity. These results clearly demonstrate 
that smaller domain sizes correlate with higher extent of functionalization. Particularly, Gra/Cu(111) with the 
smallest LD reflects its strong substrate–graphene interaction that facilitates reaction with PFPA. 

 

Figure 4. Statistical analysis of crystallite domain size (LD) in graphene on different substrates before and after 
PFPA functionalization. (A) Box–violin plots of LD distribution. (B) Histograms of LD values for Gra/pCu before 
(grey), and after PFPA functionalization (red). (C) Histograms of LD values for Gra/Cu(111) before (blue), and 
after PFPA functionalization (turquois), and after PFPA functionalization for GraT/SiO2/Si (green), GraT/Cu(111) 
(purple), and GraT/epCu (gold). 

The defect density (nD) was also analyzed, and the results are shown in Figure 5. The as-prepared Gra/pCu 
shows the lowest defect density ((28.1 ± 18.5) × 109 cm−2), while as-prepared Gra/Cu(111) exhibits a slightly 
higher nD ((41.5 ± 24.5) × 109 cm−2). Following functionalization, the defect density increases across all substrates, 
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with the most pronounced increase observed for Gra/Cu(111), reaching (62.7 ± 42.9) × 109 cm−2), followed closely 
by GraT/epCu ((58.7 ± 32.1) × 109 cm−2). GraT/Cu(111) and GraT/SiO2/Si exhibit more modest increases at (49.0 
± 30.3) × 109 cm−2 and (43.1 ± 29.5) × 109 cm−2, respectively. Gra/pCu shows a slight increase to (31.5 ± 19.9) × 
109 cm−2. Overall, the combined LD and nD analyses reinforce the conclusion that graphene grown on Cu(111) is 
the most reactive toward PFPA functionalization, while graphene grown on pCu is the least reactive. Transferred 
samples exhibit intermediate reactivities, indicating partial retention of substrate-induced effects after transfer. 

 

Figure 5. Statistical analysis of defect density (nD) in graphene on different substrates before and after PFPA 
functionalization. (A) Box violin plots of nD distribution. (B) Histograms of nD values for Gra/pCu before (grey), 
and after PFPA functionalization (red). (C) Histograms of LD values for Gra/Cu(111) before (blue), and after PFPA 
functionalization (turquois), and after PFPA functionalization for GraT/SiO2/Si (green), GraT/Cu(111) (purple), and 
GraT/epCu (gold). 

4. Discussions 

Collectively, the results reveal a clear substrate-dependent reactivity of graphene toward PFPA 
functionalization. Graphene grown on pCu and Cu(111) exhibits markedly different reactivity toward PFPA 
functionalization. Gra/Cu(111) showed the highest reactivity, whereas Gra/pCu showed minimal reactivity. 
Transfer partially diminished or redistributed this reactivity, with transferred graphene on epCu displaying the 
most significant reactivity among the transferred samples. Below, we discuss the possible reasons for the overall 
reactivity trend: Gra/pCu < GraT/SiO2/Si < GraT/Cu(111) < GraT/epCu < Gra/Cu(111). 

4.1. Substrate-Induced Strain and Doping Effects 

The Raman features of graphene grown on polycrystalline Cu and monocrystalline Cu(111) were compared. 
The correlation of G- and 2D-band positions (Figure 6A) reveals upshift for Gra/Cu(111) relative to Gra/pCu. The 
centroids for both bands also shift toward higher wavenumbers. These shifts are shown in the representative spectra 
in Figure 6B,C), where both the G and 2D bands for Gra/Cu(111) appear at higher wavenumbers than for Gra/pCu. 

 

Figure 6. Raman spectral analysis of graphene grown on polycrystalline Cu and monocrystalline Cu(111). (A) Correlation 
plot of G- and 2D-band positions, with the centroid indicated as a red and a blue cross for Gra/pCu and Gra/Cu(111), 
respectively. Representative (B) G-band, and (C) 2D-band spectra highlighting the distinct peak positions. 

Such wavenumber upshifts in the G and 2D modes are characteristic signatures of substrate-induced  
effects [33,35,42,43]. The upshifted G band indicates enhanced n-type doping due to stronger charge transfer from 
Cu(111) to graphene, while the upshifted 2D band suggests compressive strain arising from the epitaxial 
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relationship and better lattice matching between graphene and the Cu(111) substrate. In contrast, graphene on pCu 
exhibits comparatively lower band positions, consistent with weaker substrate coupling and less pronounced 
electronic or strain modulation. These results demonstrate that Cu(111) induces stronger substrate interactions, 
leading to greater charge transfer and strain effects compared to polycrystalline Cu, thereby contributing to the 
enhanced reactivity of Gra/Cu(111) observed during PFPA functionalization [33,35]. 

4.2. Morphology of Graphene on Various Substrates 

Optical microscopy and AFM imaging both reveal distinct surface characteristics of graphene grown on pCu 
and Cu(111). As shown in Figure 7A, Gra/pCu exhibits rough and nonuniform morphology with an average AFM 
root mean square (RMS) roughness of 8.23 ± 0.92 nm. In contrast, Gra/Cu(111) displays smooth, relatively ordered 
surface morphology with RMS roughness of 1.87 ± 0.29 nm. From the larger area optical microscopy images, 
Gra/pCu surface shows interconnected network of grain boundaries (Figure 7A), whereas Gra/Cu(111) appears 
continuous and shows more homogeneous surface (Figure 7B). As the surface curvature could also lead to 
enhanced reactivity, the higher reactivity of Gra/Cu(111) than that of Gra/pCu toward PFPA reaction is therefore 
attributed to charge doping and strain [21,29,44–49]. 

 

Figure 7. Optical microscopy (top) and AFM (bottom) images of (A) Gra/pCu, (B) Gra/Cu(111), and (C) GraT/SiO2/Si. 
Additional images can be found in Figures S3 and S4. 

For the transferred samples, the graphene morphology is governed by the surface morphology of the supporting 
substrates through conformal adhesion [44,50–53]. The RMS roughness values of Gra/epCu and Gra/Cu(111) were 
measured previously as 38.8 ± 12 nm and 21.0 ± 4.2 nm, respectively [37], and GraT/SiO2/Si shows a uniform, 
continuous graphene film with a significantly lower RMS roughness of 3.43 ± 0.65 nm (Figure 7C). These results 
indicate a correlation between the reactivity of transferred graphene and the roughness of the supporting substrates. 
Specifically, the higher surface roughness of Gra/epCu induces greater graphene corrugation, leading to enhanced 
reactivity of GraT/epCu among the transferred samples. As the substrate roughness decreases, the reactivity 
decreases, as observed for GraT/Cu(111) and GraT/SiO2/Si. Despite retaining the Cu(111) crystallographic 
orientation, GraT/Cu(111) exhibits lower reactivity than GraT/epCu, which can be attributed to weaker graphene–
substrate charge interaction in GraT/Cu(111) after transfer, leading to reduced strain and charge-doping effects. In 
contrast, Gra/SiO2/Si shows the lowest reactivity, attributed to reduced surface roughness and/or distribution of 
charge puddles that passivates graphene reactivity [21,29,43]. Thus, for transferred substrates, graphene reactivity 
toward PFPA correlates with graphene roughness. 

5. Conclusions 

In this work, we carried out the photochemical reaction of PFPA with graphene on different substrates and 
investigated the role of supporting substrates in modulating graphene reactivity. Graphene grown on Cu(111) 
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exhibited the highest degree of functionalization, as evidenced by the largest increase in ΔID/IG obtained from 
Raman spectroscopy and Raman mapping, along with decrease in LD and increase in nD. In contrast, graphene 
grown on polycrystalline Cu showed minimal reactivity toward PFPA reaction. Raman analyses further 
demonstrate that Cu(111) induces stronger charge transfer and higher strain in graphene compared to pCu, 
primarily due to superior lattice matching between graphene and the Cu(111) surface. These substrate-induced 
electronic and structural effects enhance graphene’s reactivity toward the electron-deficient perfluorophenyl 
nitrene, leading to higher reactivity. 

Upon transfer of graphene grown on Cu(111) to other substrates, including Cu(111), electropolished pCu, 
and SiO2/Si, the reactivity decreased. The decreased reactivity is attributed to weakened graphene–substrate charge 
interactions after transfer, and the reactivity of transferred graphene correlates mainly with the surface roughness. 

Overall, these findings establish substrate engineering as an effective and non-invasive method for tuning the 
chemical reactivity of graphene without the need for harsh activation conditions. By leveraging the intrinsic 
interaction between graphene and the substrate, this approach enables controlled covalent functionalization of 
graphene, offering a versatile approach for chemical modification of graphene. 
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