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cDepartment of Materials Science and Engineering, Michigan Technological University, 1400 
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Abstract  

Designing next-generation heterogeneous catalysts depends on functionalization of surfaces to 

create reactive sites that enable direct metal nucleation through selective deposition. We show that 

etching the top layers of the highly oriented pyrolytic graphite (HOPG) surface with two different 

acid solutions produce similar functional groups, but with different surface morphologies. 

Chemical oxidation by acid etching not only results in the production of functional groups, but 

also results in changing of the surface topography. It was found that etching the HOPG surface 

with HNO3(aq) and HCl(aq) produces -OH functional groups, with a minor concentration of -

COOH groups from HCl(aq). These functional groups were confirmed for HNO3(aq) (0.1 M to 16 

M) and HCl(aq) (0.1 M to 12 M), using infrared spectroscopy and X-ray photoelectron 

spectroscopy. Characteristic topographical changes were observed at various concentrations by 

atomic force microscopy and scanning electron microscopy. Results suggest that below 4 M 

HCl(aq) or HNO3(aq), the HOPG surface is dominated by an acid catalyzed hydration mechanism 
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producing similar graphitic islands with similar -OH functional groups. At high concentrations of 

HCl(aq), a high density of holes is produced, with an increase in defect formation. At high 

concentrations of HNO3(aq) significantly different morphologies are produced, etching the top 

sheets of the HOPG surface, resulting in holes and trenches, attributed to unzipping the graphitic 

surface. Understanding the functionalization and oxidation mechanisms is essential for selective 

area deposition of metal nanostructures. 

Keywords 

HOPG, surface oxidation, etching, surface functionalization, graphite oxidation, area selective 

deposition  
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1. Introduction 

Carbon-based materials are used as supports for heterogeneous catalysts1, 2 and as battery 

anodes, due to its high stability and dispersion of metal nanoparticles.3-7 The conventional methods 

to fabricate catalysts with high dispersion and density, such as wet impregnation, drop casting, 

precipitation and ion exchange methods, result in unknown chemical structures, impurities and 

variable shapes and sizes. 8-12 A new era focused on area selective deposition (ASD)13, 14 has 

brought attention to new methods for designing catalysts, originally used for semiconductors that 

are used to address issues of shrinking transistors sizes as predicted by Moore’s Law. One type of 

ASD is called active area deposition, where specific areas on the nanometer scale are covered with 

protective layers, leaving exposed areas, known as active areas, for reactions with metal organic 

precursors.13, 14 These protective films require excessive steps and costs to protect those areas. The 

conventional way of depositing films involves several lithography (top-down approach) steps that 

unfortunately leave contamination from the deposition process on the substrate material and edge 

placement errors.15-17 Creating active surface sites (by area activation) allows for the elimination 

of lithography steps and for conformal deposition.13 Activated areas can be created by producing 

regions of functional groups, without the need for protective films, where the areas without the 

reactive site are chemically inactive. In order to achieve such an idealized surface, two criteria 

must be known: 1) the type of active sites and its reactivity such as through surface 

functionalization and 2) the placement of the site. These criteria can both be answered by knowing 

the surface chemistry and mechanism of surface functionalization.  As a result, the type of 

functional group, the reactivity of that site with metal-organic precursors can be targeted for 

selective growth. By knowing the placement of the functional group site, or the surface 

morphology produced from the surface functionalization, materials can be grown at specific sites. 

These both require a detailed knowledge of the surface mechanism of producing those sites. With 

respect to growing high surface area catalysts, sites that are placed further apart will help disperse 

the grown metallic nanoparticles for desired catalytic synthesis, preventing undesirable 

agglomeration, sintering, or deactivation. To provide a material whose surface that can be 

chemically modified to produce such as desired reactive surface, 2D materials are capable of 

achieving these results. 13, 14, 18-20  
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The surface of two dimensional (2D) materials, such as graphene21, are ideal catalyst supports 

due to their hybridized network of atoms that yield a chemically stable planar terrace region.5, 22 

Defects on these surfaces, either natural or synthetic, (from vacancies or organic functional 

groups), can serve as the active sites for metal nucleation and nanoparticle growth. Other ways to 

produce reactive sites is to remove material within the basal plane of the graphene lattice using 

focused ion beam sputtering techniques23 24, doping the surface with metals 25, 26, or producing 

functional groups27 directly on the surface. Additionally, harnessing the synergistic interaction 

between metal nanoparticles and the surface of 2D materials could increase catalytic activity, such 

as for green and energy efficient fuel production.4, 19, 28, 29 To nucleate metals selectively on surface 

sites using gas phase deposition techniques, a solid knowledge of the surface functional group’s 

reactivity is required.13 Atomic layer deposition (ALD)30 enables atomic-level control of the 

growth of metal nanoparticles, nanostructures, or conformal films by using surface-limiting 

reactions. Surface (oxygen-containing) functional groups are ideal initiation points for nucleation 

of metal nanoparticles and films by ALD of metal oxide films31 and nanostructures, where ligands 

from metal-organic precursors are removed during the ALD cycles.32, 33 If these oxygen-containing 

functional groups can be selectively placed on the surface with a high degree of control, this would 

enable nucleation of individual high surface area nanoparticles, for heterogeneous catalysts.6, 18, 33 

The surface of highly oriented pyrolytic graphite (HOPG), acts as a model surface of graphene, 

whose surface consists of two distinct regions, the planar terrace region and the defects sites. The 

planar surface is chemically unreactive in air due to its stable sp2 hybridized carbon network. The 

largest defect sites on HOPG are the step edges, consisting of a break between the graphene 

sheets.34 The defects have been shown to be highly active nucleation sites for metal deposition 

using precursors and metal evaporation.35-38 Different chemical oxidation methods have been used 

on graphitic materials to produce graphite oxide with functional reactive sites. The oxidation of 

graphite (powder) was first observed in 1859 where fuming nitric acid (HNO3) and potassium 

chlorate (KClO3) produced graphite oxide.39 In 1958, concentrated sulfuric acid, sodium nitrate, 

and potassium permanganate was used to oxidize graphite flakes, known as Hummers method.40 

Several modified versions of Hummers method have been developed since then 41-45, but these 

processes produce an inhomogeneous distribution of different functional groups on graphite 

(carboxylic acids, hydroxyls, ketones, ethers, lactones, anhydrides and phenols).39, 46 These 
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methods create a bulk graphite oxide, but our goal here is to mildly oxidize the top surface layers 

of an ordered graphite surface, where the surface sites are known. 

In this study, our goal was to develop a quantitative understanding of the types of functional 

groups and correlate the formation of these reactive groups to surface topographical changes that 

occur when etching with two different acids on HOPG. We investigated the effect of two strong 

acids on the functionalization and etching of the HOPG surface; from low to high concentrations 

of HCl and HNO3. We correlate surface functional groups with the surface topography, as a 

function of acid concentration. The surface functional groups on the HOPG surface are 

characterized and quantified using surface analysis, after etching with a wide range of acid 

concentrations. These observations are contrasted to changes in the HOPG surface morphology as 

a result of the surface oxidation. Below we discuss new insight on the mechanism of surface 

oxidation. Our studies indicate that the choice of the type of acid and the acid concentration lead 

to different surface morphologies, which could guide methods and bottom-up synthesis of 

materials used in area activation for ASD applications.  

 

Materials and methods 

2.1 Preparation of Functionalized HOPG 

Highly oriented pyrolytic graphite (HOPG, ZYB grade, MikroMasch USA) was cross 

sectioned and cut into 5 mm × 10 mm samples. Adhesive tape was used to cleave the top graphite 

layers from the HOPG surface until a visibly flat surface with a mirror finish was obtained.47  This 

exposed a fresh and smooth HOPG surface that was exposed to the different concentrations of acid 

solutions. The graphite layers removed with the adhesive tape are not used in this study. The acid 

solutions were prepared by diluting concentrated HNO3 (70% fuming nitric acid, Aldrich) acid 

and concentrated HCl (36.5-38.5% hydrochloric acid, Aldrich) acid with ultra-pure water (18 

MΩ·cm resistivity, Millipore Sigma) in volumetric flasks to obtain 0.1 M, 1.0 M, 4.0 M, 12 M, for 

both HCl and HNO3, as well as 16 M for HNO3. The freshly cleaved HOPG sample was placed in 

a watch glass in a well-ventilated fume hood at room temperature. Using a glass pipette and rubber 

bulb, a droplet of each concentration of acid was placed onto a freshly-cleaved HOPG and allowed 

to etch the HOPG surface for 2 hours. The surface of the samples weas then rinsed with 
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approximately 50 mL of ultra-pure water and air dried.  All acid etched samples were made by 

directly etching a freshly cleaved, unetched HOPG surface.  

2.2 Sample Characterization  

2.2.1 Attenuated Total Reflectance –Fourier Transform Infrared Spectroscopy 

ATR-FTIR spectra were collected on an iS50R Nicolet Fourier transform infrared 

spectrometer (ThermoFisher Scientific, Inc.) with a KBr beamsplitter, DLaTGS detector, and a 

diamond ATR-FTIR cell. A single beam spectrum was collected of the background (ATR diamond 

cell) prior to collecting the sample spectra. For the functionalized HOPG samples, a freshly 

cleaved HOPG ATR-FTIR spectrum was collected as background. Each spectrum was collected 

using 256 scans, a resolution of 4.0 cm-1, and a range from 4000-400 cm-1. The absorbance 

spectrum was manually computed from the negative log of the ratio of the sample spectrum to the 

background spectrum. 

2.2.2 X-ray Photoelectron Spectroscopy 

Elemental analysis and binding energies of the functional groups on the surface were 

analyzed using a PHI 5800 XPS using a Mg anode (400 W). The survey spectra were collected 

using a pass energy of 187.85 eV, a dwell time of 20 ms/step and a resolution of 0.8 eV/step. The 

high-resolution spectra were collected for the C1s, O1s, N1s and Cl2p regions, using a pass energy 

of 23.50 eV, a dwell time of 100 ms/step, and a resolution of 0.1 eV/step. No evidence of nitrogen 

or chlorine was found from the N1s and Cl2p spectra of the samples after rinsing with water and 

drying in air. The focus for the paper remains on the O1s and C1s regions. A Tougaard background 

subtraction was used for the C1s region, and the Shirley background subtraction was used for the 

O1s region as described previously.48 The sp2 carbon peak of the C1s region was fit with an 

asymmetric Doniach-Šunjić peak and used as the reference for charge correction for all regions by 

fixing the apex of the peak at a binding energy of 284.6 eV.49-51 The other areas of the C1s region 

and the O1s regions were deconvoluted using 100% Gaussian line shapes.  

2.2.3 Raman Spectroscopy 

Raman spectroscopy was collected to qualitatively confirm the disorder of the HOPG 

surface from the treatment with the acids. A Horiba Jobin-Yvon LabRAM HR800 Raman 
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Spectrometer, equipped with a confocal optical microscope and three excitation laser lines, was 

used to analyze HOPG, HOPG exposed to 12 M HCl, and HOPG exposed to 16 M HNO3. The 

Raman spectra were collected using the HeNe laser (633 nm), a step size of 10 cm-1, a 10 second 

exposure time, and an accumulation time of 20 minutes. 

2.2.4 FESEM 

Images of HOPG before and after acid etching were collected on a Hitachi S-4700 FESEM. 

The samples were secured to an aluminum sample holder with copper clips that prevented 

mechanical movement of the sample and reduced charging across the top of the surface during 

analysis. A beam current of 10 μA, an accelerating voltage of energy of 10 kV, and a 7 mm working 

distance were used to collect images of the HOPG samples.  

2.2.5 AFM 

AFM images were collected on an Asylum MFP 3D classic instrument using tapping mode. 

Aluminum coated monolithic silicon tips (Tap300Al-G, Budget Sensors) with a frequency of 300 

kHz and a force constant of 40 N/m were used to image samples areas 2.3 μm × 2.3 μm at a scan 

rate of 1.0 Hz and 256 points per line. Larger areas between 20 μm2 and 5.0 μm2 were collected to 

ensure reproducibility. Images were post-processed using a third order flattening of all acid etched 

HOPG surfaces. Root mean squared (RMS) measurements of 0.40 μm × 0.40 μm areas were 

collected as a measure of surface roughness. Analysis of island features were counted as the 

number of particles, excluding any particle on the acid etched surfaces that were smaller than 500 

pm in diameter.  

2.3 Density Functional Theory (DFT) Calculations 

Functionalized HOPG were modeled using a coronene molecule (24 carbon atoms, 12 

hydrogen atoms) as a simplified graphene sheet. The models were used to predict the vibrational 

frequencies and XPS core-level binding energies in the C1s and O1s regions of the functional 

groups. (see Figure S1 and Tables S1-S8 in the supporting information section) The Gaussian 16 

program52 package was used to perform the DFT calculations of the models with different numbers 

of functional groups. The models used were the coronene molecule (Figure S1A) with a single –

OH functional group (Figure S1B), a -COOH functional group (Figure S1C), a C=O functional 
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group (Figure S1D), two -OH functional groups (Figure S1E), and a model with all (–OH, -COOH, 

C=O) the functional groups (Figure S1F). Each model was built separately and the geometry of 

each model was optimized to its lowest energy state (shown in Table S1 in the supporting 

information section). The Becke three-parameter Lee-Yang-Parr (B3LYP) hybrid functional and 

the 6-311G(d,p) basis set was utilized to calculate the coronene molecule geometry.53-55 Natural 

bond orbital56-58 analysis was performed to estimate the C1s and O1s binding energies for each 

functional group using Koopmans' theorem. The relative shifts were used to predict the O1s and 

C1s binding energies compared to the XPS spectra. The core level energies in the C1s region were 

scaled relative to the experimentally observed C-H binding energy at 284.6 eV in the C1s region, 

thus shifting all peaks by 12.3 eV. The predicted O1s peaks were shifted relative to the 

experimentally observed C-OH peak59, thus shifting all O1s core level energies by 19.2 eV. FTIR 

frequencies were scaled by a factor of 0.9678.60, 61 

 

3. Results  

3.1. Surface functionalization of HOPG 

ATR-FTIR spectra were collected of HOPG etched with HCl and HNO3 to confirm the 

presence of functional groups. Figure 1 compares the vibrational signatures of HOPG treated with 

the lowest, 0.1 M HCl (1A) and HNO3 (1C), and the highest, 12 M HCl (1B) and 16 M HNO3 

(1D), concentrations. In the fingerprint region of HOPG (gray spectrum, Figure 1B and 1D) two 

distinct vibrational signatures are observed representing the IR active; in-plane stretching (E1u 

mode) of the graphene lattice at 1585 cm-1 and the out-of-plane stretching (A2u mode) at around 

872 cm-1, respectively. 48, 62, 63 These peaks are observed in all graphitic samples (unetched HOPG 

with HCl and HNO3 acid etched HOPG samples) as FTIR probes several micrometers into the 

sample. After etching HOPG with 0.1 M HCl and 12 M HCl, a small peak at 1730 cm-1, is observed 

(Figure 1B) that corresponds with the C=O stretching mode in a carboxylic acid functional 

group.63, 64  In the OH region in Figure 1A, broad OH peaks between 3300 cm-1-3890 cm-1 are 

observed suggesting that the surface is hydroxylated, in agreement with previous derivatization 

reactions.59 It is expected that C-O stretching should be observed between 1000-1300 cm-1 to 

correlate with the oxidized HOPG surface, however, the interference of a large peak at around 

1070 cm-1, an artifact of the DLaTGS detector, obscures this feature.48 ATR-FTIR spectra of 
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HOPG etched with 16 M HNO3 exhibits an OH bending mode at 1494 cm-1 65 and OH stretching 

mode as a broad peak between 3300-3890 cm-1.66  

Vibrational infrared modes were calculated using DFT models of functionalized coronene 

(shown in supporting information Figure S1) to corroborate our experimental assignments. The IR 

active vibrational signatures of coronene (C24H12, Figure S1A), coronene with a -OH group 

(C24H11OH, Figure S1B), coronene with a C=O group (C24H11O, Figure S1C), and a COOH group 

(C25H11OOH, Figure S1D) were plotted in Figures 1A-D to assist in the identification of the 

experimentally observed infrared spectra. All computational models display in-plane and out-of-

plane stretching of the coronene model at 1597 cm-1 and 846 cm-1, respectively, in agreement with 

the sharp E2g and A1u modes in the experimental spectra in Figures 1B and 1D. In the spectra of 

C25H11OOH, two prominent peaks are observed, the first peak at 1726 cm-1 is the stretching of the 

C=O group in the COOH functional group and the second peak of interest in the C25H11OOH 

model is at 1106 cm-1, attributed to the stretching of the C-O stretch. Calculated DFT models 

(C24H11OH and C25H11OOH) predict OH stretching modes at 3708 cm-1 and 3648 cm-1, 

respectively, in reasonable agreement with the experimental ATR-FTIR spectra. For some of the 

samples it was difficult to observe distinct vibrational features as the intensities were significantly 

small, particularly for the HOPG etched with HNO3, due to placement of the samples on the ATR-

FTIR diamond cell window. Here, the lowest and highest acid concentrations that were used to 

etch HOPG show that regardless of acid concentration, the HOPG surface was oxidized by both 

acids. XPS was used to corroborate the ATR-FTIR results to identify and quantify the functional 

groups from the surface oxidation of HOPG. 
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Fig 1: ATR-FTIR spectra of HOPG identifies the OH and COOH functional groups after acid 

etching with HCl and HNO3. A) the OH stretching region of HOPG treated with 0 M, 0.1 M, and 

12 M HCl; B) the fingerprint region of HOPG treated with 0 M, 0.1 M, and 12 M HCl; C) the OH 

region of HOPG treated with 0 M, 0.1 M, and 16 M HNO3; B) the fingerprint region of HOPG 

treated with 0 M, 0.1 M, and 16 M HNO3. Predicted DFT vibrational frequencies are shown below 

the experimental spectra: coronene (C24H12), OH functionalized coronene (C24H11OH), C=O 

functionalized coronene (C24H11O), and COOH functionalized coronene (C25H11OOH). 

 

High resolution XPS of the O1s and the C1s regions were recorded to identify the 

functional groups on the surface and quantify relative concentrations. Figure 2 shows select XPS 

spectra of the O1s region (Figure 2A and 2B) for HOPG oxidized using 0 M, 0.1 M, 4.0 M, 12 M 

aqueous HCl and HNO3 solutions (as well as with a 16 M HNO3 solution), respectively. The C1s 

regions are shown in Figure S3 in the supporting information. Figure 2A shows the O1s region 

after HOPG was etched with the HCl(aq) solutions compared to the freshly cleaved HOPG surface. 

No oxygen is observed on the freshly cleaved HOPG surface in Figure 2A and 2B. After HOPG 

was etched using HCl(aq) solutions, two peaks become apparent in the O1s region indicating that 

the HOPG is functionalized with an C-OH functional group at a binding energy at 533.1 (+/-0.2) 

48, 59, 67 and a -COOH functional group, at a binding energy of 535.2 (+/- 0.4) eV.48, 68 These 

assignments are in agreement with studies of functionalized carbon materials, where derivatization 

reactions that selectively react with specific (C-OH, COOH, C=O) functional groups.69, 70 In those 

studies it was confirmed that trifluoroacetic anhydride reacts selectively with C-OH groups. 

Willock et al. used this derivatization reaction to confirm that when HOPG was treated with 0.5 

M HNO3 or 0.5 M HCl results in primarily a C-OH functional group at room temperature.59, 71 

These studies are similar to our treatment of acid solutions with the surface at 532.7 eV71 and agree 

with our binding energies assignments. The C-OH functional groups can have similar to binding 

energies of ether groups67, 72-75 (532.5-533.5 eV) and epoxy groups (532.3 eV).73, 74, 76 Other 

references (see Table S10 in the supporting information section) also confirm that a slightly higher 

binding energy is expected for the hydroxyl group of the COOH group at 533-535 eV67, 68, 73, 74, 77, 

78, in agreement with our assignment, and 530.6-531.6 eV for the C=O entity in the COOH group. 

Other functional groups, such as C=O, occur at lower binding energies below 531.8 eV.67, 76, 79, 80 

Based on the previous derivatization reactions that confirm the presence of C-OH as the primary 
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functional group and our previous studies, we find this to be an accurate assignment of the C-OH 

binding energy in the O1s region. 

The percent peak area of the -COOH functional group in the O1s region is at roughly 9% 

suggesting that the -COOH functional group is a minor product with the remaining 91% from the 

C-OH group in the reaction of HCl(aq) with the HOPG surface. When HOPG is etched using 

HNO3(aq) solutions, there is a single peak centered at binding energy of 533.0 (+/-0.2) eV, also 

corresponding to the C-OH species, the only product present on the oxidized HOPG surface 48, 59, 

71 in the O1s region in Figure 2B. The C-OH functional group was verified through derivatization 

reactions on both acid etched surfaces, giving a binding energy of 532.7 eV.71 In that study, the C-

OH groups were converted to a minor concentration of ketones (at 531.6 eV) and ethers (at 533.3 

eV) after exposure to HNO3 and heating to 573 K.59, 71 In the C1s regions, in Figure S3A and S3B 

of HOPG etched with HCl(aq) and HNO3(aq), respectively, a peak at 286.0 eV is shown in each 

spectrum that corresponds to a C-OH species. For the C1s region, using 12 M HCl concentration, 

a shoulder appears at 286.6 eV corresponding with the -COOH functionality (Figure S3A).68 These 

results show that the HOPG is primarily functionalized with the -OH species. 
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Figure 2: XPS of the O1s region shows the C-OH functional group is primarily present on the 

oxidized HOPG surface. Predicted DFT binding energy shifts are shown as markers below each 

set of spectra that were computed using Model F. A) XPS spectra of the O1s region of HOPG 

oxidized using HCl(aq) solutions, B) XPS spectra of the O1s region of HOPG oxidized using 

HNO3(aq) solutions. Color scheme: C-OH functional group (red), COOH functional group (blue), 

C=O functional group (green), C=H/C=C functional group (gray). *Note that the O1s core levels 

in the COOH functional group are from both oxygen atoms (C-OH and C=O). 

 

To further confirm the identity of the functional groups, the C1s and O1s core level binding 

energies were predicted using the natural bond order analysis of the functionalized coronene 

models (shown in Figure S2 in the supporting information). These results are shown as markers 

below the experimental XPS spectra in Figure 2 and Figure S3. Additional information on these 

models are shown in Figure S2 and Table S8 in the supporting information. The predicted binding 

energy shifts of the functionalized coronene models with C=O, C-OH and a -COOH functional 

groups attached are shown below the spectra in Figure 2. Model F) (model with functional groups, 

Figure S2). These core level binding energies in the model were calibrated to a known binding 

energy for the C1s and O1s regions separately. A carbon atom in the center of the coronene models 

(that was not adjacent to the functional groups) was selected to represent core level sp2 carbon and 

used as a reference point, as it is the least affected by the addition of functional groups or the 

hydrogen atoms at the edge of the coronene model. The C1s core level energy was shifted to that 

of the C1s graphitic peak, at 284.6 eV, producing a shift of 12.3 eV. All C1s core levels were 

shifted with respect to this reference for the functional groups (C=O, C-OH, -COOH) producing 

the binding energies observed in Figure S3. For all models the C-H core level shifted by +0.40 eV 

between that of the graphitic sp3 carbon (285 eV) and a sp2 carbon (284.6 eV), are in reasonable 

agreement between the values.81-83 

The O1s core level shifts were calibrated using the C-OH binding energy at 533.1 eV as a 

reference, producing a 19.2 eV shift. This functional group was chosen as a known value for our 

shift calibration as it was verified by a derivatization reaction in a separate study.59 All other 

functional groups (C=O, -COOH) were shifted by this same 19.2 eV. The O1s region in Figure 2 

shows that the C-OH functional group occupies the largest concentration of the oxygen-containing 
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functional groups on the HOPG surface. In particular, the binding energy difference between the 

-COOH (533.9 eV) and C-OH (533.1 eV) functional groups was 0.80 eV in model F, while 

experimentally the shift is 2.0 eV (535.0 eV). The DFT predictions gives a reasonable 

approximation of the comparison in binding energy shifts between the two different functional 

groups. The shifts between the C-OH species and the other oxygen-containing functional groups 

is shown in Table S8 in the supporting information. These shifts shown in Figure 2 indicate the 

coronene models are a reasonable prediction of the core levels shifts and suggest that the primary 

functional groups for the HOPG surface oxidized with both acids is the OH group (red markers), 

with a minor contribution from the -COOH group (blue markers). Overall, with the previous 

findings confirming the functional groups with derivatization reactions and core level binding 

energy predictions from our DFT model, the oxidized HOPG surface is functionalized with a C-

OH species. 

To quantify the relative concentration of functional groups, the O1s peak areas for HOPG 

oxidized with HCl(aq) and HNO3(aq) solutions were normalized to the sum of the C1s (sp2 and 

sp3) graphitic carbon peak areas and was plotted as a function of the acid concentration, as shown 

in Figure 3A-C. This normalization was to account for the differences in the thickness of the 

cleaved HOPG samples and variances in the stage height of the sample manipulator in the XPS 

instrument. The data shows immediate oxidation occurs after etching with 0.1 M acid 

concentrations. In the case of HOPG exposed to HCl(aq) solutions, both the ratio of the area of the 

-COOH peak area in the O1s region to the sum of the C1s (sp2 and sp3) graphitic carbon peak areas 

(Figure 3A) and the ratio of the area of the –OH peak area in the O1s region to the sum of the C1s 

(sp2 and sp3) graphitic carbon peak areas (Figure 3B) showed a modest increase with HCl(aq) 

concentration. The O1s(OH)/C1s (sp2 and sp3) ratio shows relatively no change for the HOPG 

surface exposed to HNO3(aq) solutions up to 12 M in Figure 3C, indicating a constant 

concentration of functional groups are present on the oxidized HOPG surface. Only at 16 M HNO3, 

does the O1s peak area intensity increase substantially, suggesting increase in the -OH functional 

group density. As the top layers of the HOPG are oxidized by either acid solution, it is expected 

that the sp2 hybridized carbon network will be converted to C-OH groups, thus also affecting the 

O1s/C1s ratio. This could also explain large error bars present at high acid concentration. Further 

evidence is presented next to connect the formation of these functional groups with the formation 

of surface defects observed with SEM and AFM.  
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Figure 3: XPS ratios indicate the oxygen functional groups increase as a function of acid 

concentration: A) O1s (COOH)/C1s (sp2 and sp3) for HOPG etched with HCl(aq), B) O1s 

(OH)/C1s (sp2 and sp3) for HOPG etched with HCl(aq), and C) O1s (OH)/C1s (sp2 and sp3) for 

HOPG etched with HNO3(aq). Averages and standard deviations are given in Table S9 in the 

supporting information. 

 

3.2 Mesoscale etching of HOPG 

FESEM was used to examine the morphological features of the HOPG surface. Figure 4 

displays FESEM images of the surface topography of the HOPG after etching HOPG with 

concentrated HCl and HNO3. The FESEM image of HOPG that was freshly cleaved prior to 

FESEM imaging, shown in Figure 4A, shows the two primary surface features of the step edge 

and the basal plane. The images of HOPG after etching with HNO3 and HCl indicates that the sp2 

hybridized carbon network on the terrace of the surface produced various features suggested that 

the surface became disordered after exposed to the acid solutions. In Figure 4B, 16 M HNO3 

etching of HOPG produced wave-like features on the HOPG surface.  In Figure 4C, a large density 

of holes was formed in the top layers of the HOPG surface from exposure to 12 M HCl. This 

indicates there is a clear disparity between the effect of the different acids on the oxidation of the 

HOPG surface.  

Raman spectroscopy was also used to measure the structural quality of the HOPG surface 

etched with concentrated HCl and HNO3 acid. (The experimental details for the Raman spectra are 

given in Figure S4 in the supporting information.) The D-band Raman shift was observed at 1352 

cm-1, which is an indicator of disorder within the structures of 2D materials. The D band was 

observed on HOPG etched with both 16 M HNO3 and 12 M HCl, as compared to an unetched 
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HOPG sample, where the D band was absent. The intensity of the D band for the HNO3 acid etched 

HOPG was more intense than that of the HOPG surface etched with HCl acid. This suggests that 

concentrated HNO3 induces more disorder on the HOPG surface due to the oxidative nature of the 

acid. AFM was used to further investigate and quantify the topographical features of the HOPG 

surfaces exposed to different concentrations of HNO3 (0.1 - 16 M) and HCl (0.1 - 12 M). 

 

 Figure 4: FESEM compares the surface topography of HOPG (A) with acid etched HOPG 

samples (B-C). The HOPG surface was etched with 16 M HNO3 (B) exhibit an array of (wave-

like) graphitic edges, while the HOPG surface etched with 12 M HCl (C) show an array of holes. 

 

Figure 5 shows the AFM images of the HOPG surface that were separately etched (for 2 

hours for each sample) using different concentrations of HCl(aq): 0 M, 0.1 M, 1.0 M, 4.0 M, 8.0 

M and 12 M. After etching with 0.1 M and 1.0 M HCl(aq), small islands are observed at the step 

edges of the HOPG surface, as shown in Figure 5B and 5C, respectively, as compared to the 

unetched HOPG surface (Figure 5A). When the HCl(aq) concentration increases to 4.0 M (Figure 

5D) and then 8.0 M (Figure 5E), the density of the islands appears to increase across the HOPG 

terrace region. Large holes appear in the top layers of the HOPG surface after exposure to 12 M 

HCl, in Figure 5F, resulting in a similar morphology compared to the FESEM image in Figure 4C. 

This data suggests that the concentration of the acid affects the etching rate on the HOPG surface 

and the resulting morphology.  
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Figure 5: AFM images show the production of holes and islands produced from etching the HOPG 

surface with HCl(aq) of different concentrations: A) unetched HOPG, B) 0.1 M HCl, C) 1.0 M 

HCl, D) 4.0 M HCl, E) 8.0 M HCl and F) 12 M HCl. 

 

Different surface features, shown as islands and trenches in Figure 6, were produced using 

HNO3(aq) to etch the HOPG surface. In Figure 6A, the HOPG surface etched using 0.1 M HNO3 

was found to produce small islands on the surface, similar to HOPG etched with dilute 

concentrations of HCl(aq) (Figure 5B and 5C). The density of islands appeared to increase after 

etching with 1.0 M HNO3(aq) (Figure 6B) and continues to increase in density and in height with 

increasing the HNO3(aq) concentration to 4.0 M (Figure 6C). There are significant changes to the 

HOPG surface, when the concentration is increased to 8.0 M HNO3(aq) (Figure 6D), where a large 

density of trenches (large holes) are observed, whereas with 4.0 M HNO3(aq) islands of 2.0 nm in 

height were produced. This difference in the HOPG surface morphology correlates with a change 

in the ratio of undissociated to dissociated acid at 4.0 M HNO3(aq)84, 85, suggesting that the ions 

have a significant impact on the etching of the HOPG surface. After exposure of the HOPG surface 

to 12 M HNO3(aq) (Figure 6E), the island density increases, but with a smaller average height of 

1.0 nm that largely resemble the fragments of the raised features in the AFM images of HOPG 

etched with 8.0 M HCl(aq) (Figure 5E). This may be due to the removal of material after surface 
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oxidation through the etching process, known in the literature as surface delamination27, and 

washed away with the water rinsing prior to imaging, producing larger holes into the HOPG 

surface. After exposure to 16 M HNO3, large trenches appear (Figure 6F). They form the same 

wave-like morphology observed in the FESEM images in Figure 4B. These features are only 

present when the surface is exposed to high concentrations of  HNO3(aq). This can be contrasted 

to the images in Figure 5, where increasing HCl(aq) concentration leads to island features. The 

images in Figure 6C-6E show strikingly different surface morphologies. It is possible that these 

features arise from the strong oxidizing nature of the HNO3. Other studies have proposed that ions 

(H3O
+, NO3

-, NO2
+) at high acid concentrations intercalate into the graphene sheets, producing the 

observed islands.86-88 Although we have no direct evidence of intercalation, as there is no nitrogen 

in the N1s region of the XPS, it is possible that intercalation could begin at the defects (Figure 6A-

C) and progressively increases the rate of oxidation prior to any remaining intercalated ions 

redissolving into solution, which may explain the island features. What remains on the surface in 

Figure 6E are the leftover graphitic islands after the top layers have been etched away. Further 

etching HOPG with 16 M HNO3 (Figure 6F), shows the formation of trenches from the etching of 

the surface, which resemble a morphology synonymous with unzipping the top layers of the HOPG 

surface.66, 89 
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Figure 6: AFM images of the production of islands and trenches on the HOPG surface as etched 

with different concentrations of HNO3(aq): A) 0.1 M HNO3, B) 1.0 M HNO3, C) 4.0 M HNO3, D) 

8.0 M HNO3, E) 12.0 M HNO3, and F) 16 M HNO3. 

 

Roughness values (as measured from root-mean-squared, RMS, values) were plotted as a 

function of acid concentration for 0.1 M-12 M HCl(aq) and 0.1 M-16 M HNO3(aq), shown in 

Figure 7A-B. As the acid concentration increases, the surface roughness increases for both acids. 

Figure 7A shows a gradual increase in the RMS values (all values are within error) as the 

concentration of HCl increases. Images in Figure 6A-C are comparable to those observed in Figure 

5B-D, suggesting at higher acid concentrations (lower pH), the surface roughness increases. Figure 

7B shows that the RMS values increase (region I) from 0.1 M to 4.0 M HNO3(aq). After HOPG is 

exposed to higher HNO3(aq) concentrations (8.0 M-16 M), the roughness values remain constant 

(region II). This could be due to rinsing the HOPG surface with water after etching, which may 

remove sections of graphite resulting in the similar RMS values. 89, 90 This trend also suggests that 

the oxidation of the HOPG may be dominated by a different mechanism at higher HNO3(aq) 

concentrations.  
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Figure 7: Average RMS roughness values (nm) and island (particle) heights (nm) for HOPG 

etched using HCl(aq) and HNO3(aq) of concentrations 0 M, 0.1 M, 1.0 M, 4.0 M, 8.0 M, and 12 

M, as well as 16 M for HNO3 only. A) RMS roughness values for HOPG exposed to HCl(aq) 

solutions, B) RMS roughness values for HOPG exposed to HNO3(aq) solutions, C) Average 

particle height for HOPG etched using HCl(aq) solutions, and D) Average particle height for 

HOPG etched using HNO3(aq) solutions.  

 

Island (particle) height distributions were also analyzed from the AFM images for the acid 

etched HOPG samples, shown in Figure 7C-D. The HOPG surfaces etched with HCl(aq) exhibit a 

decrease in island height, shown in Figure 7C, with increasing HCl(aq) concentration. This agrees 

with the observation that relatively dilute HCl(aq) concentrations produced islands at defects that 

decrease in height, relative to the rest of the surface. At 12 M HCl(aq) concentrations, the H3O
+ 

concentration is high, thus producing holes (Figure 5F) from oxidization of the terrace region. 

Similar islands were produced on the HOPG surfaces etched with low concentrations of HNO3(aq) 

and resulted in varying height distributions (Figure 7D) at similar concentrations as HCl(aq). 

Exposure of the HOPG surface to 0.1 M and 4.0 M HNO3(aq) appeared to create graphitic islands 

that increase in the height. A dramatic decrease in island height was observed for HOPG etched 

with 8.0 M HNO3(aq) in Figure 7D. The AFM images of HOPG exposed to relatively high 

concentrations of HNO3(aq) show a decrease in average island height, which supports the fact that 

the formation of larger trenches and hole features from the etching itself or water rinsing causes a 

decrease in the particle height. These differences in the AFM images point to a significant 

difference in the etching mechanisms of the HOPG surface.  

 

3.3 Discussion  

3.3.1 Functionalization mechanism 

These observations lead us to suggest surface oxidation mechanisms correlating the observed 

functional groups and the unique morphologies produced on the surface of HOPG from exposure 

to the aqueous acid solutions. First, we focus on the production of the functional groups, that vary 

with acid concentration.46, 91, 92 It is known that both HCl and HNO3 dissociate in water, forming 
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the hydronium ion (H3O
+) as a product. One possible pathway that explains the observed functional 

groups is through an acid catalyzed hydration mechanism88, shown in Figure 8, that begins with 

the electrophilic H3O
+ interacting with a defect site, either from the vacancies, Stone-Wales 

defects, or the step edges of the graphite sheets.63, 88, 91-98 These defects act as initiation points for 

surface oxidation and their chemical nature may produce different oxygen-containing functional 

groups. The acid catalyzed hydration mechanism is a feasible route toward forming the -OH 

functional group first may proceed with an electrophilic attack from the H3O
+(aq) (step 1) to the 

carbon defect forming a carbocation (step 2). The carbocation would further react with water (step 

3) and remove one of the hydrogen atoms of the adsorbed water molecules to form a primary 

alcohol group (step 4). This is most likely the primary route for the formation of the -OH functional 

group on HOPG for both acids when they undergo full acid dissociation.94  

When HOPG is exposed to HCl(aq) solutions, there is evidence of the formation of a -

COOH group, roughly ~10% according to the XPS analysis of the O1s region in Figure 2A. To 

obtain the -COOH functional group, the -OH functional group may subsequently react through an 

aldehyde or ketone intermediate to form the -COOH group, such as a keto-enol tautomerization. 

Another possible route to form a ketone/aldehyde group might involve a pinacol rearrangement. 

The ketone is susceptible to nucleophilic attacks from Cl- ions, which through an additional 

rearrangement, could form an alkyl chloride. When water reacts with the bound alkyl chloride, the 

-COOH functional group could be produced, as a minor product. These are only observed for 

HCl(aq) exposure to the HOPG surface. Aqueous HNO3(aq) solutions dissociate into other ions 

that may participate in the surface oxidation. 
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Figure 8: Acid catalyzed hydration mechanism for the formation of –OH functional groups on 

HOPG, etched with HNO3 and HCl solutions. 

 

The reaction of HOPG with HNO3(aq) solutions is more complicated as HNO3 will 

dissociate in water, where H3O
+ and NO3

- ions can interact with the defects on the HOPG surface. 

Previous work has shown that HNO3 undergoes self-ionization to also form a minor concentration 

of NO2
+ ions as shown in eq.1. 94, 99, 100  

2𝐻𝑁𝑂3  ↔ 𝐻2𝑂+𝑁𝑂3
−(𝑎𝑞) + 𝑁𝑂2

+  (𝑎𝑞)        (1) 

However, no direct evidence has been observed for the NO2
+(aq) species, even at high acid 

concentrations. Liquid-Jet XPS84, 85 and recent 2D infrared spectroscopy measurements101 of 

aqueous HNO3 solutions show that only NO3
- and undissociated HNO3 were observed in solutions 

for concentrations less than 8.0 M. In the Liquid-Jet XPS studies and molecular dynamic 

simulations, HNO3 solutions lower than 4.0 M were shown to have undissociated HNO3. Above 

4.0 M,  a higher concentration of undissociated HNO3 was observed, where the HNO3 had 

increasing hydrogen bonding with water, thus contributing to the subtle change in the ratio of 
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undissociated to dissociated HNO3 in aqueous solutions. The change in this ratio84 could explain 

the differences in the surface topography observed in Figure 6 for HOPG oxidized with low and 

high concentrations of HNO3(aq). Separate studies used 2D infrared spectroscopy of HNO3(aq) 

solutions found that ion pairs were observed between NO3
- and H3O

+ ions, with a large degree of 

undissociated HNO3 above 4.0 M.84, 85, 101 At higher concentrations of HNO3(aq), the water 

molecules were found to bond with HNO3 due to the lack of water molecules. This may imply that 

at low concentrations, the NO3
- and HNO3 are tied up with hydrogen bonding with water and may 

have less of an impact on the etching of the HOPG surface. Although NO2
+ was not observed, it 

could be present in low concentrations (predicted as 1.0 x10-7 M in 8.0 M HNO3 solutions) from 

the self-ionization of HNO3 and the enhanced hydrogen bonding of other ions at high HNO3 

concentrations.100 If NO2
+ concentrations exist in solution, they could react on atomic defect sites86, 

102, 103 (shown in Figure S5 in the supporting information) and contribute to the large trenches 

observed in the AFM images in Figure 6D-F. Further explanation is given in the supporting 

information. It is unclear if the influence of undissociated HNO3 or the NO2
+ itself is causing the 

observed changes of the HOPG surface in our AFM images. Albeit, the changes in the morphology 

correspond to the well-known decrease in the fraction of dissociation of HNO3.
84, 85, 100 

3.3.2 Mesoscale etching mechanism 

In our experiments, varying concentrations of HCl(aq) and HNO3(aq) were used to 

functionalize the HOPG surface using oxidation, resulting in the production of various 

topographical features. The above AFM data suggests that HOPG etched with HNO3(aq) resulted 

in a more destructive oxidation process (Figure 6) than etching with HCl(aq) (Figure 5). Here, we 

compare and discuss the topographical changes in etching the HOPG surface.  

At low acid concentrations, the formation of small islands of similar size distributions were 

produced on HOPG etched with HCl(aq) (Figures 5B-D) and with HNO3(aq) (Figures 6A-C). Our 

results suggest that the formation of graphitic islands resulted from H3O
+ reacting with defects on 

the HOPG surface, which was functionalized with primarily -OH (and a minor component of -

COOH for HCl(aq)) groups. If we replot the RMS and particle height values in Figure 7 as a 

function of pH, as opposed to concentration, the data follows a trend that supports the acid 

catalyzed hydration mechanism at low (< 4.0 M) acid concentrations. This realization correlates 

well with the AFM images in Figure 5, where HCl(aq), the non-oxidizing acid, reacts with the 
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HOPG surface. After rinsing the surface with water, it is possible graphitic layers that become 

loose during the acid etching and detach leaving only islands behind.27, 71  This is observed in 

Figure 5B-D for HOPG etched with 0.1 M, 1.0 M, and 4.0 M HCl(aq), where graphitic islands are 

produced. After etching the HOPG surface with 8.0 M-12 M HCl(aq) (Figure 5E-5F), graphitic 

layers appear to be absent from the AFM images, at different stages in the acid etching, with the 

islands decreasing in size as the acid concentration increases. After etching the HOPG surface with 

12 M HCl(aq), enlarged pits are observed, resulting in the web-like morphology in Figure 5F and 

Figure 4C. This suggests that some of the top layers of HOPG are removed in the process from an 

increase in oxidation rate.  

In contrast, etching the HOPG surface with dilute (0.1 M - 4.0 M) HNO3(aq) produces 

small islands at the defect areas, strikingly similar to that of HOPG exposed to lower 

concentrations of HCl(aq) in Figure 6A-C. This is similar to the progressively increasing size of 

the islands in the AFM images in Figure 5B-E with increasing HCl(aq) concentration. The 

mechanism in Figure 8 may explain the similarities of the AFM features in Figures 5A-D and 6A-

C, where island densities are produced at low concentrations of HCl(aq)  and HNO3(aq), where the 

H3O
+ is present, from acid dissociation.  However, as the HNO3(aq) concentration increases from 

8.0 M to 16 M, large densities of holes are produced, shown in Figure 6D-F. The AFM image of 

HOPG etched using 12 M HNO3(aq) (Figure 6E) shows progressive changes in topography from 

islands to trenches when the concentration increases to 16 M HNO3(aq) (Figure 6F). These trench 

features (holes) and the production of OH-functional groups suggest the HOPG surface may 

exhibit unzipping of the top graphite sheets with increasing acid concentration. This “unzipping” 

of graphitic materials has been observed previously104, where it was suggested the bonded oxygen 

initiates the “unzipping” of the graphitic lattice with subsequent removal of unbound layers of 

graphite. Another study suggested that the unzipping was caused when two epoxy groups bond to 

opposite sides of the hexagonal carbon ring (ether-like epoxides).89 This could further react to 

produce hydroxyl groups, thus breaking the hybridized carbon lattice and conformally unzipping 

the top graphene sheet.66, 86, 89, 102, 105 These detailed studies only suggest a possible explanation of 

our observations in the changes in morphology of the HOPG surface after etching. 

Overall, our results indicate the acid catalyzed hydration mechanism occurs at both low 

HCl(aq) and HNO3(aq) concentrations, where H3O
+ is the dominant ion that initiates the etching, 

resulting in the same island features in the AFM images and the same hydroxyl functional groups. 
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At high concentrations of HNO3(aq) and HCl(aq), the features in the AFM images of the HOPG 

surface are significantly different. At high HNO3(aq) concentrations, the change in the dissociation 

and oxidizing nature of the acid may explain the differences in the AFM images and the trench-

like morphology of the HOPG surface. For high HCl(aq) concentrations, the data suggests the 

etching rate is faster thus etching through multiple graphite sheets, resulting in holes. These results 

suggest that depending on the acid, different placement of the -OH functional groups in different 

morphologies and result in film-like or nanoparticles after metal oxide deposition.48 These have 

been shown to impact nucleation of metal oxide features below 1 nm, which are important for 

growing high surface area catalysts or thin films for the development of semiconductors, using 

area activation ASD.  

4.0 Conclusions  

We have shown that aqueous solutions of two strong acids, HCl(aq) and HNO3(aq), etch 

the HOPG surface and result in similar functional groups, but differed significantly in the 

morphology. At low acid concentrations, H3O
+ causes oxidation through an acid catalyzed 

hydration mechanism. From dilute to concentrated HCl(aq), it is suggested that functionalization 

of HOPG begins at defects, which results in a hole-like morphology. When HOPG is etched with 

HCl(aq), XPS indicated the formation of the -OH functional groups with a minor concentration of 

-COOH groups. At high concentrations of HNO3(aq) above 4.0 M,  from the presence of oxidizing 

ions, the HOPG surface is oxidized at the defects, forming trench-like features suggesting 

unzipping of the top graphite sheets. These observations show two different acid form similar 

functional groups on the HOPG surface, but etch the surface to result in different morphologies. 

These results are vital to understanding bottom-up growth synthesis of molecular assemblies for 

heterogeneous catalyst design and other graphene-based technologies. 
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