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A B S T R A C T   

In this work, high resolution integrated AFM–EC/SECM was used to reveal the spatially heterogeneous electroactivity of microcrystalline diamond (MCD) and 
nanocrystalline diamond (NCD) surfaces. During electrochemical corrosion, NCD surfaces undergo a stronger corrosion reaction than MCD because of the higher 
amount of sp2 hybridized carbon. In-situ EC-AFM imaging shows no significant change in surface morphology, while corroded surfaces become more hydrophilic due 
to the oxidation reactions that occur in the outermost layer. On non-corroded MCD and NCD surfaces, intercrystallite boundaries exhibit stronger localized (electro) 
chemical reactivity than crystallites. However, after electrochemical corrosion, both MCD and NCD surfaces become thermodynamically stabilized by corrosion 
products that passivate the surface and inhibit further corrosion. In this way, the (electro)chemical reactivity of the intercrystallite boundaries is reduced to a greater 
extent by electrochemical corrosion than the (electro)chemical reactivity of the crystallites due to the more intense electrochemical oxidation reactions taking place 
at these boundaries. After corrosion, this results in a comparatively greater (electro)chemical reactivity on the crystallites than at the boundaries. This behavior 
suggests the following order of (electro)chemical reactivity: sp2 

> sp3 
> oxidized/passivated structures.   

1. Introduction 

Polycrystalline diamond is an attractive candidate for devices that 
need to withstand a variety of harsh environments over long periods of 
operation. The development of chemical vapor deposition technology 
now enables diamond films to be used for a variety of extreme wear and 
corrosion applications such as orthopedic artificial joint prostheses and 
heart valves in the human body (body fluid condition) [1–3], mechan
ical seals and bearings in marine ships (salt water) [4], nanodes, and 
nanoelectrode arrays in electrochemical biosensor applications 
(aqueous solutions) [5–7]. Although the diamond films used in these 
applications are chemically very inert, the terminated groups, surface 
topography and chemical properties at the surface can change when 
exposed to electrolyte solutions for long periods, which can affect the 
serviceability of the surface or even lead to application failure. The 
evolution of the localised chemical and electrochemical properties of 
diamond films is therefore of significance, to the prediction of life ex
pectancy and the exploration of failure mechanisms, in long-term ap
plications in corrosive media such as body fluid and salt solutions. 

A polycrystalline diamond film is a two-phase system composed of 
largely sp3-hybridised diamond crystallites and intercrystallite 

boundaries. The latter are thought to be composed of sp2-graphitic 
carbon, amorphous carbon, and CHx, and may display similar properties 
to diamond-like carbon (DLC), which contains different fractions of 
amorphous carbon (sp and sp2 hybridisation) and diamond carbon 
bonds [8,9]. Since amorphous carbons are generally more conductive 
and chemically oxidizable than crystalline diamond carbon, the chem
ical corrosion rate is higher, especially for sp2-compared to sp3-hybri
dised carbon [10,11]. Using X-ray photoelectron spectroscopy (XPS) and 
Raman spectroscopy, previous corrosion studies with DLC showed that 
corrosion takes place predominantly via a reduction in the carbon sp2 

content, resulting in the formation of oxides of C––O, C–OH, C–O and C 
(=O)–OH [12–15]. This also indicates that the carbon sp3 fraction of 
DLC plays a key role in its corrosion resistance. It is believed that 
as-grown diamond crystallites carry hydrocarbon groups (C–H); 
whereas oxidized intercrystallite boundaries, either ether (C–O–C) or 
carbonyl (C––O) groups [16]. In some studies, amorphous carbon has 
been used as a model substance for the intercrystallite boundaries of 
heterogeneous polycrystalline diamond surfaces to investigate the 
electrochemical properties and chemical reactivity of such inter
crystallite boundaries. However, it has been reported that there is still a 
large difference in chemical composition and structure between 
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amorphous carbon and real polycrystalline diamond boundaries [17]. 
Localized surface chemistry changes, including surface termination and 
structure reconstruction, strongly affect the electro(chemical) reactivity, 
and are especially relevant for the complex electrochemical corrosion 
behavior of a polycrystalline diamond surface due to the non-uniform 
surface structure. 

The main challenge with elucidating the corrosion behavior at the 
intercrystallite boundaries of polycrystalline diamond films is spatial 
resolution. Characterization methods including electrochemical atomic 
force microscopy (EC-AFM), X-ray photoelectron spectroscopy (XPS), 
and Raman spectroscopy can only be used to assess the electrochemical/ 
chemical behavior over large areas; detailed localized information on 
the individual diamond crystallites and intercrystallite boundaries 
cannot be obtained with such techniques. Yet, such local information on 
the electrochemical behavior of synthetic diamond is needed to make 
next steps in the development of applications of the coating. Scanning 
electrochemical microscopy (SECM) is an advanced technique that can 
be used to measure the localized electrochemical behavior at liquid/ 
solid interfaces. Previous SECM studies have provided insight into the 
influence of diamond dopant levels, defects and impurities on the 
electroactivity [18–24]. However, these experiments have not yet 
revealed what the relative importance of the intercrystallite boundaries 
and the crystallite faces is, in determining the overall electrochemical 
stability of the coating. The main experimental challenges that need to 
be overcome in order to address this question is the limitation in elec
trode tip size and the use of conductive coatings. Both of these make 
localized measurements difficult, thereby hindering our ability to 
identify and resolve failure mechanisms of the coating. 

In this study, microcrystalline diamond (MCD) and nanocrystalline 
diamond (NCD) with different fractions of intercrystallite boundaries 
were compared in order to elucidate the influence of the crystal struc
ture on (electro)chemical kinetics and thermodynamics. In-situ EC-AFM 
was used to characterize the surface topography evolution and electro
chemical responses of the polycrystalline diamond surfaces before and 
after electrochemical corrosion. By using an ultramicroelectrode (UME) 
tip with a radius of curvature of 25 nm in SECM, we were able to resolve 
the conductivity and electrochemical reactivity of the diamond coatings 
at the crystallite level. In addition, ex-situ XPS and Raman spectroscopy 
were used to examine the effect of corrosion on the surface chemistry 
and structural evolution of MCD and NCD films. Our results show that 
intercrystallite boundaries are more susceptible to corrosion than crys
tallites and dominate the electrochemical reactivity changes of poly
crystalline diamond in electrochemical corrosion. 

2. Experimental 

2.1. Materials 

In order to exclude the influence of doping elements on the chemical 
and electrical properties of the diamond surface, and to avoid un
certainties regarding the homogeneity of the surface elements, undoped 
MCD and NCD films produced by Advanced Diamond Technologies 
(Romeoville, USA) with a thickness of 1 μm, synthesized by hot filament 
CVD on a single crystal N-type silicon substrate with a square area of 40 
× 40 mm2, were adopted as the working electrodes in all electro
chemical tests. The resistances of the diamond films and Si substrate 
were estimated at 5 × 106 Ω and 1 × 103 Ω respectively using impedance 
spectroscopy. The (root mean square, RMS) surface roughness and grain 
size of non-corroded diamond films were measured in tapping mode by 
atomic force microscopy (AFM) to be approximately 13.2 nm and 
400–500 nm for MCD, and 10.4 nm and 50–100 nm for NCD respec
tively, over a square scanned area of 2 μm × 2 μm using a sharp Si AFM 
tip with a nominal diameter of approximately 20 nm. The sample sur
faces were cleaned by chemically pure ethanol (Sigma Aldrich) and 
subsequently deionized water, and dried using pure N2 gas before car
rying out the electrochemical tests and chemical characterizations. 

2.2. Electrochemical and topographical investigations 

All electrochemical and topographical experiments were performed 
at room temperature (22 ◦C). As shown in Fig. 1a− c, the MCD and NCD 
samples are mounted in an AFM-compatible electrochemical cell mod
ule (Dimension Icon, Bruker, MA, USA): the diamond-coated side was 
maintained in contact with two gold-plated spring pins that provided the 
electrical connection with the working electrode. A circular area of 35 
mm diameter on the sample surface was exposed to an electrolyte so
lution of 0.1 M potassium chloride (KCl, Sigma Aldrich) for different 
corrosion durations and a fluorine rubber O-ring was used to seal the gap 
between sample clamp and sample [25]. Open circuit potential (OCP) 
and chronoamperometry measurements were performed using an elec
trochemical workstation with a bipotentiostat (CHI 760E, CH In
struments, TX, USA). Ag|AgCl and Pt wires served as the reference and 
counter electrodes respectively and all potentials are given with refer
ence to the reference electrode (Ag|AgCl in 0.1 M KCl). Prior to 
corroding the diamond films, an OCP test was carried out for more than 
15 min until the variation of voltage was within ±0.001 V. An anodic 
(oxidative) potential range of 0.5–2.5 V was applied to evaluate the 
effect of corrosion on surface topography and electrochemical response 
of the MCD and NCD samples. 

2.3. SECM tests on non-corroded and corroded MCD and NCD 

A schematic of the SECM set-up is given in Fig. 1d. In all SECM tests, 
the samples were immersed in a solution of 0.01 M Hexaamminer
uthenium(III) chloride (Ru(NH3)6Cl3, which is a nearly ideal outer- 
sphere redox agent that is insensitive to most surface defects or impu
rities, in 0.1 M KCl [26]. An ultramicroelectrode (UME) attached on a 
cantilever with a spring constant of 1.5 N/m was then used to scan 
horizontally above the MCD and NCD samples, both in the non-corroded 
condition and after 2.5 h of electrochemical corrosion at an applied 
voltage of 2.5 V in 0.1 M KCl electrolyte solution. More details regarding 
the UME tip can be found in Fig. S1 in the Supporting Information. The 
tip current is measured, which is derived from the electron transfer 
during the redox reactions between [Ru(NH3)6]3+/2+ and the PCD 
substrate performed at − 0.7 V versus Ag/AgCl. An UME measures a 
steady-state, diffusion-limited, current in bulk solution. As the UME 
approaches the sample surface, the current strongly depends on the 
tip-sample distance and the sample surface conductivity. As shown in 
Fig. 1e and f, when the UME probe approaches an insulating surface, 
diffusion to the probe of the chemical species involved in the redox re
action becomes increasingly hindered. This leads to negative feedback 
behavior: a decrease in current with decreasing tip-sample distance. The 
rate at which tip current decreases with decreasing tip-sample distance 
reflects the surface reactivity. On the contrary, with a conductive sample 
surface, biased at a potential that allows for regeneration of [Ru 
(NH3)6]3+, the increased local concentration as the UME probe ap
proaches the surface results in positive feedback behavior and a current 
increase with reduced tip− sample distance. In this case, a higher rate of 
change of current as the probe approaches the sample surface indicates a 
lower surface reactivity. In AFM-SECM, two-step interleaved scan mode 
is generally used. In the first step the AFM information, e.g., topography, 
and the redox reaction current, are mapped in a first scan at a tip-sample 
distance of 0 nm with the force setpoint of approximately 30 nN. During 
the subsequent lift scan, the UME follows the mapped surface topog
raphy at a constant lift height of 100 nm. By recording the electro
chemical response of the tip at different scanning locations, the 
heterogeneity in electrochemical activity of the sample surface is 
imaged [27]. This complex interpretation of the SECM results is sum
marized in Table S1. The scanned size of the AFM-image was 2 μm × 2 
μm for the surface topography and electrochemical mapping. Note that 
due to the expected significant influence of surface roughness on the 
SECM results, where the area from which the information on current is 
gathered from a much smaller area than in EC-AFM, it is not possible to 
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use this technique to quantitatively compare the localized (electro) 
chemical reactivity of MCD and NCD surfaces. Therefore, in this study, 
only the (electro)chemical reactivity of the crystallites and inter
crystallite boundaries on the same MCD or NCD surface could be con
trasted by SECM mapping. To avoid tip contamination, a pre-treatment 
and cleaning process was performed on the UME and details of this 
procedure can be found in the Supporting Information. 

2.4. Chemical characterization by XPS and Raman 

To determine the effect of electrochemical corrosion on the chemical 
composition and atomic structure of the diamond surfaces, XPS (HiPP-3 
Analyzer (entrance slit 1.0 mm), Scienta Omicron, Taunusstein, Ger
many) and Raman spectroscopy (WITec UHTS 300, Ulm, Germany) were 
performed on non-corroded and corroded MCD and NCD surfaces. The 
XPS analyses were performed on a HiPP-3 spectrometer with a 0.8 mm 

cone and a slit setting of 1.0 mm using a monochromatic Al Kα source. 
The base pressure was below 1 × 10− 9 mbar, and operating pressure 
below 5 × 10− 9 mbar. Data analysis was performed using KolXPD. 
Atomic ratios were calculated from spectra acquired at a pass energy of 
300 eV and corrected for the respective photoemission cross sections. 
The C 1s high resolution spectra were acquired at a pass energy of 100 
eV. The fitting parameters used in the deconvolution of the C 1s spectra 
of the MCD and NCD surfaces are displayed in Table S2. To accurately 
locate the peak position of C 1s and exclude shifts due to surface 
charging, an Au film with a thickness of ~2 nm was deposited on the 
diamond surfaces. The binding energies were referenced to the Au 4f5/2 
peak (84 eV). The typical Raman spectra of the MCD and NCD surfaces 
measured by a 532 nm excitation laser and exhibit a well-defined peak at 
1332 cm− 1, which is associated with ordered or crystalline diamond (sp3 

hybridization), and a broad peak in the 1500 cm− 1 region (sp2 hybrid
ization), which is composed of a D peak at 1350 cm− 1 (disordered 

Fig. 1. (a) Schematic of AFM-EC/SECM. AFM images 
of non-corroded (b) MCD and (c) NCD samples, 
scanned by a sharp Si tip with a diameter of 20 nm. 
(d) Cutaway view of the SECM module equipped with 
an EC-AFM setup. (e) Illustration of the SECM feed
back mode over an insulating substrate (left, negative 
feedback) and conducting substrate (positive feed
back, right). The redox reaction of the Ru(NH3)6Cl3 
agent is [Ru(NH3)6]3+ ⇆ [Ru(NH3)6]2+ + e− . (f) 
Typical approach curves for a nanoelectrode probe on 
an insulating substrate (red) and on a conducting 
substrate (blue). (A colour version of this figure can 
be viewed online.)   

Fig. 2. (a) Measured corrosion current plotted as a function of applied voltage and time. (b) Average etch rate calculated over the cycle area with a diameter of 3.5 
cm using equation (1). Tafel extrapolation of polarization curves measured on MCD (c) and NCD (d) surfaces before and after 2.5 h electrochemical corrosion in 0.1 M 
KCl solution with 2.5 V. (A colour version of this figure can be viewed online.) 
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carbon) and a G peak at 1580 cm− 1 (graphitic carbon) [28,29]. 

3. Results and discussion 

3.1. Electrochemical properties of MCD and NCD 

Before electrochemical tests, the initial OCP for non-corroded MCD 
and NCD samples was measured as ~0.2 V and ~0.1 V, respectively. 
Fig. 2a displays the measured corrosion current evolution of MCD and 
NCD as a function of corrosion time, and Fig. 2b the average current 
values for the five applied voltages of 0.5–2.5 V in increments of 0.5 V. 
The NCD sample shows a higher corrosion current than MCD, especially 
at high anodic potentials. According to Ohm’s law, the more conducting 
the electrode material, the higher the current for the same potential. In 
this case however, no obvious difference between the currents of the 
MCD and NCD samples could be observed at applied anodic potentials 
lower than 1 V. This is expected, for a current that is limited by carbon 
corrosion reactions [30]. When the potential is increased above 1 V, a 
large difference is observed between the measured currents in the 
chronoamperometry tests for MCD and NCD, indicating that the 
different currents of the MCD and NCD samples are not caused by 
different sample conductivity but by different electrochemical corrosion 
kinetics. The NCD surface is subjected to more intense electrochemical 
corrosion than the MCD surface, which can be attributed to the greater 
area of intercrystallite boundaries with the less chemically stable sp2 

hybridization structure. Considering the structurally and composition
ally heterogeneous polycrystalline diamond surfaces, the value of the 
current does not reflect localized electrochemical properties but reflects 
the total corrosion rate of the exposed area of 9.6 cm2. To enable a 
comparison with the corrosion rate reported in previous literature, the 
average current values can be converted to average electrochemical 
corrosion rates based on the following equation (1) [31],  

Corrosion rate = Mjcorr/ρzF                                                               (1) 

where jcorr is the current density (A/cm2), M and ρ are the molar mass 
(g/mol) and density (g/cm3) of corroding species, z is the number of 
electrons involved in electrochemical reaction, and F is Faraday con
stant. On this basis, the electrochemical corrosion rate of MCD and NCD 
can be estimated at 2.5 nm/h and 104.1 nm/h, respectively, based on 
the parameters of single crystal diamond. 

The electrochemical corrosion thermodynamics and kinetics of the 
materials can be evaluated by adopting Tafel Extrapolation of poten
tiodynamic polarization. From the Tafel analysis, the OCP or corrosion 
potential (Ecorr) and corrosion current density (Icorr) can be estimated 
[32]. Fig. 2c and d displays the anodic (for low potential, E ≤ Ecorr) and 
cathodic (for high overpotential, E > Ecorr) polarization curves for MCD 
and NCD before and after 2.5 h of electrochemical corrosion with the 
applied voltage of 2.5 V immersed in 0.1 M KCl electrolyte solution. 
After electrochemical corrosion, the value Ecorr increases from 0.1 V to 
0.55 V for the MCD sample and from − 0.05 V to 0.5 V for the NCD 
sample, but Icorr decreased from 12 nA to 8 nA for the MCD sample and 
from 39 nA to 27 nA for the NCD sample. This indicates that oxidized 
MCD/NCD surfaces are thermodynamically more stable than 
non-oxidized (pristine) surfaces, which may be attributed to the inhib
iting effect of corrosion products (terminated surface or oxidized 
topmost layer) forming and covering the surface during the electro
chemical corrosion process. Moreover, the NCD surface displays a higher 
corrosion tendency (lower OCP) and higher corrosion rate than the MCD 
surface, in both non-corroded and corroded cases. Furthermore, the 
change in Ecorr for the NCD before and after electrochemical corrosion 
(+0.55 V) is also greater than that for the MCD (+0.45 V). This differ
ence suggests that the larger area of the intercrystallite boundaries in 
NCD leads to a much more prominent oxidation reaction and surface 
change during electrochemical corrosion, relative to MCD [33]. 

As the chronoamperometry measurement was performed using EC- 

AFM, the surface topography at the microscale could be imaged in-situ 
as a function of the electrochemical corrosion duration. Fig. S2 shows 
AFM images obtained on MCD and NCD surfaces after different corro
sion durations in 0.1 M KCl electrolyte solution, together with the sur
face roughness (RMS value) plotted as a function of electrochemical 
etching time. No obvious difference between the surface topography of 
non-corroded and corroded surfaces was observed. PCD is thermody
namically more stable than DLC, which shows extensive pitting corro
sion on the corroded coating surface using the same electrochemical set- 
up and conditions [12]. However, the water contact angle of both MCD 
and NCD surfaces was shown to decrease significantly, demonstrating 
that the surfaces had become more hydrophilic after 2.5 h electro
chemical corrosion (Fig. S3). The water contact angle measurements 
were made under macroscopic conditions and therefore correspond well 
to the results of Fig. 2. These results show that the predominant effect of 
the electrochemical corrosion process is to alter the surface chemistry of 
the topmost layers of the diamond films, through oxidation, without 
changing the surface topography. 

3.2. Chemical characterizations of MCD and NCD before and after 
electrochemical corrosion 

The Raman spectra obtained from the MCD and NCD films before and 
after 2.5 h electrochemical corrosion are given in Fig. 3a and are 
composed of several typical signature peaks. The sp3-related phonon 
band at ~1333 cm− 1, which occurs in single crystal diamond, could be 
clearly distinguished in the spectra of the non-corroded and corroded 
MCD films but was much less prominent in the NCD spectra. The dif
ference in width of this band compared with the single crystal diamond 
Raman spectrum is a good indicator of crystallinity and purity, and 
Fig. 3a indicates that electrochemical corrosion had little influence on 
this [27]. The much larger full width at half maximum of the 1333 cm− 1 

band on the MCD surface (~10 cm− 1) compared with that of a single 
crystal diamond spectrum (~2 cm− 1), indicates the presence of crystal 
defects. The slight deviation compared to the reference value (1332 
cm− 1) is an indication of residual stresses within the coating [34]. 
Compared to MCD, the 1333 cm− 1 band for NCD films is barely visible 
because of the asymmetry and broadening of the diamond peak caused 
by phonon-related interaction [35]. The two peaks at ~1140 cm− 1 and 
~1480 cm− 1, displayed in both MCD and NCD surfaces, come from the 
scattering of trans-polyacetylene (TPA) oligomers and are assigned to 
C–H bending and C–C stretching modes of TPA chains, respectively. The 
broad humps at ~1360 cm− 1 and ~1560 cm− 1 are constituted mainly by 
the D and G bands respectively, and are due to the sp2/a-C phases 
concentrated at the intercrystallite boundaries [36,37]. The presence of 
the D peak indicates the existence of aromatic sp2 rings, whereas the G 
peak can arise from sp2-C in both rings and chains. Since the signal 
detected by Raman spectroscopy represents material information from a 
relatively large penetration depth of ~1 μm, chemical changes resulting 
from electrochemical corrosion occurring in the outermost layer are not 
readily revealed by Raman spectra. As shown in Fig. 3a, only minimal 
differences between corroded and non-corroded material were exhibited 
by the Raman spectra except for a small increase in the D band region 
after 2.5 h electrochemical corrosion. 

The 1333 cm− 1 peak results from the first-order phonon associated 
with the sp3 diamond lattice, whereas the closely adjacent D band region 
with a peak at 1360 cm− 1 indicates disorder in the sp2 structure of 
graphitic carbon. The 1333 cm− 1 intensity relative to the 1360 cm− 1 

band is used extensively to evaluate the relative amounts of sp3 and sp2 

hybridized carbon. The spectra were de-convoluted into Gaussian lines 
and the sp2/sp3 bonds ratio (~0.28 and ~0.58 for non-corroded MCD 
and for NCD samples, respectively, and increase slightly after electro
chemical corrosion) can be found in Fig. S4. The slight increase in the sp2 

signal for corroded diamond surfaces is the result of a competition be
tween different effects. Electrochemical corrosion and oxidation re
actions occurring on the diamond crystal surfaces lead to disruption of 
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the sp3 structure and an increase in the fraction of sp2 structure, while 
reactions occurring at the intercrystallite boundaries might result in a 
reduction in the sp2 content. In addition, electrochemical corrosion of 
polycrystalline films results in surfaces that are passivated by the for
mation of oxidized species on the surface with a lower corrosion rate and 
a higher thermodynamic stability (see in Fig. 2c and d) [38]. 

To determine qualitatively the effect of the corrosion of MCD on the 
chemical composition of its topmost nanometers, XPS was performed on 
non-corroded and corroded MCD. Table 1 displays the elemental 
composition of the surface region measured using XPS. A detailed XPS 
examination of the C 1s spectra of non-corroded MCD and corroded 
MCD can be seen in Fig. 3b. The resulting quantification of the carbon 
species is shown in Table 2, where the analysis takes into account the 
reported binding energy shifts in diamond due to band bending [39]. 
Upon corrosion, an increase in oxygen, silicon, and chlorine species is 
evident. The presence of chlorine is likely due to small amounts of 
surface contamination from the KCl electrolyte used in the EC-AFM cell. 
The peak positions observed in the Si 2p spectra given in Fig. S5 indicate 
that the silicon is in the form of silicon carbide SiC. The silicon may 
originate from the silicon wafer substrate or from contamination on the 
surface [40]. Consequently, the increase in oxygen is most likely 
attributable to oxidization of the diamond surface. The above ex-situ 
XPS data fully supports the interpretation given earlier based on AFM 
topography and EC measurements: a thin surface layer of carbon is 
oxidized upon exposure to a corrosive environment. Regarding the NCD 
surface, the greater increase in the oxygen ratio observed for the 
corroded NCD (Table 1) suggests that the NCD was more strongly 
oxidized than the MCD under the same electrochemical conditions. In 
the detailed C 1s spectra (Table 2) both lower (sp2) and higher (C–O, 
C––O) binding energy species were observed after corrosion, where the 
peaks were assigned according to the model in Ref. [39]. The presence of 
these species indicates the formation of sp2-type and oxidized carbon 
species from the corrosion process and corresponds with observations in 
the literature [12,41]. 

The effect of electrochemical corrosion on the surface of NCD has 
also been analyzed with XPS. The non-corroded and corroded NCD 
samples were coated with a thin layer of gold before the XPS measure
ment to provide a binding energy reference. These samples are referred 
to as NCD-Au in Fig. 3c, which shows the detailed C 1s XPS spectra of 
NCD-Au and corroded-NCD-Au. With the NCD, the peaks are much 
broader and less well-defined than with the MCD, probably as a result of 
the finer crystalline structure. Unfortunately, this degree of peak 
broadness does not provide sufficient basis for a reliable interpretation 

by peak fitting, which was possible with the MCD. In the detailed spectra 
of NCD-Au, one broad peak (283–286.5 eV) is visible, exceeding the full- 
width at half maximum of MCD by a factor of 1.7. The corroded-NCD-Au 
shows a double-peak, with one component at a comparable binding 
energy to NCD-Au and the second one at a significantly higher binding 
energy (approximately +1.4 eV), which is typically assigned to C–O 
bonds. Using the same peak fitting parameters as those used for MCD 
results in an unrealistically large calculated value for the percentage of 
carbon oxide species, which cannot be explained by the total oxygen 
species present (C–O:O = 9). We attribute the high-binding energy 
species in the NCD samples to Fermi-level-pinning on the surface of 
diamond. In this phenomenon, defects at the surface form electronic 
states in the gap of an insulator and thus locally define its Fermi level. As 
a result of the localized electronic states, downwards band bending 
occurs, resulting in a shift of the core level XPS spectra to higher 
apparent binding energies. Fermi level pinning and band bending have 
been reported to cause a shift of up to 1.4 eV in experiments introducing 
surface defects to diamond by oxidation and Ar ion bombardment [42, 
43], and have even been proposed as the cause for the large variations in 
the reported C 1s binding energies for diamond [44]. The extreme 
broadness of the peaks potentially originates from different types and 
concentrations of defects in the individual NCD crystallites, leading to a 
distribution of binding-energy shifts and making it impossible to reliably 
fit the detailed C 1s spectra of our NCD samples. Compared to MCD, the 
smaller crystallites of the NCD are more susceptible to the effect of 
surface defects and therefore to defect-induced band bending. 

3.3. Local electrochemical behavior characterized by scanning 
electrochemical microscopy 

The above results strongly suggest that the electrochemical activity 
and corrosion rate of the NCD surface are higher than those of the MCD 
due to the greater density of intercrystallite boundaries. Thus, electro
chemical corrosion brings greater changes to the NCD surface compared 
to MCD. Considering the heterogeneous structure of polycrystalline 
diamond, the EC-AFM results are not able to provide full details of the 
electrochemical responses of different structures on the surface. For this 
reason, high resolution SECM was performed on the diamond surfaces 
before and after electrochemical corrosion, using an UME with a radius 
of ~25 nm. Fig. 4a− f display the surface topography (a, d), tip current in 
near-contact condition (b, e), and tip current in lift mode at a height of 
100 nm (c, f) of MCD in a mixed solution of 0.01 M [Ru(NH3)6]3+/2+ and 
0.1 M KCl before and after 2.5 h electrochemical corrosion in 0.1 M KCl 
electrolyte solution. The tip current, which -as explained previously-is 
derived from the electron transfer during the redox reactions between 

Fig. 3. (a) Raman spectra of non-corroded and 
corroded MCD and NCD. The electrochemical corro
sion duration of 2.5 h was performed on MCD and 
NCD surfaces in 0.1 M KCl electrolyte solution with 
the applied voltage of 2.5 V. (b) High resolution C 1s 
spectra of pristine MCD (green circle) and corroded 
MCD (red square) with peak fitting of sp2, sp3, C–H, 
C–O, and C––O. (c) High resolution C 1s spectra of 
pristine NCD-Au (green circle) and corroded NCD-Au 
(red square). (A colour version of this figure can be 
viewed online.)   

Table 1 
Atomic ratios relative to C 1s determined by XPS of NCD, NCD-corroded, MCD, 
and MCD-corroded.   

C O Si Cl 

MCD 100% 3.9% 2.5% 0.0% 
Corroded MCD 100% 8.4% 2.7% 0.2% 
NCD 100% 2.5% 0.2% 0.0% 
Corroded NCD 100% 10.8% 1.3% 0.5%  

Table 2 
XPS fitting results resolving the C 1s species in MCD and MCD-corroded [39].   

sp2 sp3 C–H C–O C=O 

MCD 0.0% 89.8% 8.9% 1.0% 0.2% 
Corroded MCD 4.2% 84.6% 6.8% 3.1% 1.4%  
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[Ru(NH3)6]3+/2+ and the diamond substrate, follows the topography, 
and Fig. 4 shows that the SECM system has sufficient accuracy to 
discriminate between the intercrystallite boundaries and crystallites. 
The absolute values of the measured current are influenced by the local 
conductivity of the surface and the local solution environment and 
therefore do not themselves provide definitive information on the sur
face chemical reactivity. However, the latter can be characterized by 
measuring the change in the steady-state diffusion-limited current 
feedback, which is sensitive to tip-sample distance variations. For the 
non-corroded MCD surface (Fig. 4a− c), as the tip-sample distance in
creases from 0 nm lift to 100 nm lift, the average tip current increases 
(the areas of the light blue and pink regions have increased), reflecting 
negative feedback behavior. It is important to note that this behavior is 
not related to bulk material conductivity, but is related to the properties 
of the outermost layer of the localized area affected by the probe. On the 
corroded MCD surface (Fig. 4d− f), the tip current decreases as the tip- 
sample distance increases (the areas of the light blue and pink regions 
decrease), indicating positive feedback behavior after electrochemical 
corrosion. 

For surfaces with similar surface conductivity, the magnitude of the 
change in current as a function of tip-sample distance characterizes the 
chemical (redox) reactivity of the localized area where the UME is 
located. As explained in section 2.2 and summarized in Table S1, the 
significance of the rate of change of current with tip-sample distance is 

different for surfaces displaying negative and positive feedback 
behavior. For negative feedback, a greater difference in current between 
0 and 100 nm tip-sample distance indicates higher surface reactivity, 
whereas with positive feedback this would indicate a lower surface 
reactivity. Fig. 4g and h, for MCD, shows plots of the current differentials 
between the values measured at tip-sample distances of 0 nm and 100 
nm superimposed onto the corresponding AFM topography image 
(Fig. S6). On the non-corroded MCD surface, the highest reactivity re
gions (pink and light blue areas) occur predominantly between the 
crystallites, i.e. at the intercrystallite boundaries. However, on the 
corroded MCD surface, which now displays a positive feedback 
behavior, the highest reactivity (for positive feedback the smallest de
creases in current) occurs on the crystallites. Figs. 4l and i displays, as 
two-dimensional line-scans through the data, the typical current dif
ferential variation (blue line) and surface topography (red line) obtained 
at the positions shown by the dotted white lines in Fig. 4g and h on non- 
corroded MCD (l) and corroded MCD (i) surfaces. It is clear that, 
although the 25 nm radius of the SECM tip results in some filtering-out 
of signal peaks and valleys, large height locations (crystallites, yellow 
shadow regions) tend to show low current differentials on the non- 
corroded surface, while the crystallite locations on the corroded sur
face show large current differentials. The intercrystallite boundaries, 
which are expected to be largely composed of sp2 hybrid and amorphous 
carbon structures, are more susceptible to corrosion than the crystallites 

Fig. 4. PeakForce SECM images recorded on 2 μm ×
2 μm non-corroded MCD surface (a–c) and corroded 
MCD surface (d–f) in 10 mM [Ru(NH3)6]3+ and 0.1 M 
KCl. (a, d) Surface topography. (b, e) Tip current of 
PeakForce tapping scan mode when the tip is in 
contact with the surface. (c, f) Tip current of lift scan 
mode when the tip-surface distance is controlled at 
100 nm by following the surface topography obtained 
during the Peakforce tapping scan. The current scale 
for the map obtained in 0 nm and 100 nm lift con
ditions is the same. Computed difference in current 
maps obtained from 100 nm and 0 nm lift and 
superimposed onto AFM topography images (a, d): 
non-corroded MCD (g) and corroded MCD (h). 
Typical profiles of surface topography (red line) and 
current change (blue line) of non-corroded MCD (l) 
and corroded MCD (i) obtained along the white 
dashed lines in (g) and (h). (A colour version of this 
figure can be viewed online.)   
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themselves, which consist predominantly of sp3 structure. Such oxida
tion reactions on diamond films are similar to a deep anodic reaction (in 
acid electrolyte) and thermal treatment in air at 300 ◦C reported in 
previous literature [45–47]. Surface termination is usually generated on 
a diamond surface by electrochemical methods (water reduction to 
produce H-terminations or oxidation for O-terminations) or plasma 
treatment (H- and O-terminations) [47–49]. Surface oxidization of a 
hydrogen-terminated surface causes the surface chemistry to change 
from hydrogen to oxygen terminated, leading to a decrease in the free 
carriers concentration, altering the electrochemical behavior from 
metallic to semiconductor, and decreasing the charge transfer rate for 
redox couples ([Ru(NH3)6]3+/2+). As mentioned previously in relation 
to Fig. 2, after electrochemical corrosion, it is believed that the diamond 
film surfaces are passivated by hydroxyl groups and thus exhibit greater 
thermodynamic stability, and that this results in the smaller observed 
water contact angle. If we assume that any changes in the carbon hy
bridization on the surfaces of the crystallites are relatively small before 
and after electrochemical corrosion, or considered negligible relative to 
changes at the intercrystallite boundaries, the results of the SECM ex
periments on the spatially heterogeneous surface suggest that the order 
of chemical (redox) reactivity is as follows: sp2 > sp3 > oxi
dized/passivated structure. 

Fig. 5 shows corresponding information for the NCD surfaces. 
Fig. 5a− f displays the surface topography and 2D maps of the tip current 

measured at tip-sample distances of 0 nm and 100 nm, before and after 
electrochemical corrosion of 2.5 h duration. The tip current follows the 
surface topography, and although the intercrystallite boundaries are not 
as well defined as with the MCD (which is attributed to the resolution 
limit of the SECM system), they are still discernible in the images. Both 
non-corroded (Fig. 5 a-c) and corroded (Fig. 5 d-f) NCD surfaces show a 
decrease in the average current (smaller and fewer pink and light blue 
regions) as the tip lift height increases from 0 to 100 nm, indicating that 
these surfaces display positive feedback behavior. For the non-corroded 
NCD surface, the current differential map (Fig. 5g), which is super
imposed onto the corresponding AFM topography image (Fig. S7), 
together with the two-dimensional line-scan (Fig. 5l), indicate that the 
high surface reactivity areas (pink regions) are concentrated around the 
intercrystallite boundaries rather than on the crystallites themselves. 
For the corroded NCD, Fig. 5h and i suggest that the highest reactivity 
occurs on the diamond crystallites rather than at the intercrystallite 
boundaries. This change in relative reactivity after corrosion is the same 
as that found with the MCD sample. Thus, although the MCD and NCD 
samples differ in their area-ratio of intercrystallite boundaries and 
crystallites, they exhibit a similar trend of diamond structure-dependent 
local (electro)chemical reactivity. Combining the thermodynamic and 
kinetic behaviors of electrochemical corrosion before and after corro
sion, the same conclusion as that previously found with MCD can be 
drawn as regards the order of the chemical (redox) reactivity: sp2 > sp3 

Fig. 5. PeakForce SECM images recorded on 2 μm ×
2 μm of non-corroded NCD surface (a–c) and 
corroded NCD surface (d–f) in 10 mM [Ru(NH3)6]3+

and 0.1 M KCl. (a, d) Surface topography. (b, e) Tip 
current of PeakForce tapping scan mode when the tip 
is in contact with surface. (c, f) Tip current of lift scan 
mode when the tip-surface distance is controlled at 
100 nm by following the surface topography obtained 
during the Peakforce tapping scan. The current scale 
for the map obtained in 0 nm and 100 nm lift con
ditions is the same. Computed difference in current 
maps obtained from 100 nm and 0 nm lift and 
superimposed onto AFM topography images (a, d): 
non-corroded NCD (g) and corroded NCD (h). Typical 
profiles of surface topography (red line) and current 
change (blue line) of non-corroded NCD (l) and 
corroded NCD (i) obtained along the white dashed 
lines in (g) and (h). (A colour version of this figure 
can be viewed online.)   
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> oxidized/passivated structure. 

4. Conclusions 

In this work, high resolution integrated AFM–EC/SECM using an 
ultramicroelectrode tip with a radius of 25 nm was utilized to reveal the 
spatially heterogeneous electroactivity of MCD and NCD surfaces. XPS 
and Raman surface characterization indicated that oxidation reactions 
occur on the outermost layer, producing an oxidized diamond layer on 
MCD and NCD surfaces during electrochemical corrosion. Since the 
intercrystallite boundary is composed of various sp and sp2 hybridised 
carbon species, it has a poorer corrosion resistance and undergoes 
stronger electrochemical oxidation reactions compared to the diamond 
crystallite. Thus, intercrystallite boundaries dominate the electro
chemical corrosion behavior of polycrystalline diamond. In the elec
trochemical corrosion process, the NCD surface underwent a stronger 
electrochemical corrosion reaction than MCD due to the higher inter
crystallite boundary component. After electrochemical corrosion, both 
MCD and NCD surfaces became thermodynamically more stable, which 
may be attributed to the inhibiting effect of corrosion products gener
ated by the electrochemical oxidization reactions that passivate the 
surface (i.e., terminated groups and oxidized outermost layer). Because 
of the greater (electro)chemical reactivity of the intercrystallite 
boundaries, they are affected more by the passivation effect and, as a 
consequence, the (electro)chemical reactivity of the intercrystallite 
boundaries is reduced to a greater extent by electrochemical corrosion 
than the crystallites. After corrosion, this results in a relatively greater 
(electro)chemical reactivity on the crystallites than at the boundaries. 
The above results suggest the following order of (electro)chemical 
reactivity: sp2 > sp3 > oxidized/passivated structures. 

The conclusions indicate that, in applications where a high (electro) 
chemical reactivity needs to be maintained for a long period, such as 
nanodes, a good balance needs to be found between the competing be
haviors of the crystallites and the intercrystallite boundaries, which 
enhance the electrochemical properties but are not conductive to long- 
term operation. In contrast, for application scenarios where (electro) 
chemical inertness is an important requirement, an effective strategy 
may be to reduce the intercrystallite boundary density by increasing the 
size of the crystallites, or to pretreat the PCD using an oxidation treat
ment. Given the complexity of the actual application situations, many 
important factors such as the concentration and pH value of electrolyte, 
and the doping concentration and type within the PCD coating, which 
have not been discussed in this study, should be considered in future 
research. 
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