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abSTracT

Although Brønsted-Lowry (B-L) sites in solids, such as zeolites, have been studied extensively, all 
previous investigations were conducted on a bulk (average) basis. In contrast, the imaging and distri-
bution of B-L sites on atomic flat Al-rich chlorite are presented by using Scanning probe and Kelvin 
probe force microscopy. These techniques are used to correlate, at the nanoscale, the contrast due to 
the surface potential (related to the B-L proton) with the surface morphology and crystal chemistry. 
Quantum mechanical modeling (DFT) is consistent with the experimental results.

Imaging of the distribution of B-L sites in solids and the existence of two-dimensional (2D) 
arrays of zeolitic-type B-L sites in chlorites is shown. The study demonstrates the general validity 
of the Brønsted-Lowry acid-base theory extended to pure solids without any solution medium. The 
experimental approach developed here can facilitate the search of B-L site architectures in minerals.
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inTroducTion

Zeolites are well-known 3D solid structures that contain 
Brønsted-Lowry (B-L) sites. The B-L sites of zeolites control 
catalytic properties, and there are important applications of 
these properties in many fields, from petrochemical refining, 
fine-chemical production, to water and air purification. Recently, 
zeolite nanosheets, which are bidimensional structures where 
acidic sites are exposed on the external surfaces, show promising 
catalytic properties (Choi et al. 2009). Because of their impor-
tance, B-L sites are extensively studied and several chemical and 
innovative solid-state techniques have been developed to better 
understand their characteristics on a bulk basis (Zecchina et al. 
2005; van Bokhoven et al. 2008; Peng et al. 2005). However, 
imaging B-L sites in solids has not been achieved so far.

Imaging of Brønsted-Lowry acid-base zeolitic-type sites in 
solids requires a methodology capable of observing a proton 
transfer on a solid surface without added artifacts. Because proton 
transfer is associated with charge transfer and relative surface 
potential variation at the sub-nanoscale, we combined the Scan-
ning probe (SPM) and Kelvin probe force microscopy (KPFM) 
(Sorokina and Tolstikhina 2004; Ziegler et al. 2007; Leung et al. 
2009) to correlate the imaging contrast due to the surface potential 
variation with the surface morphology and crystal chemistry at 
the nanoscale. To avoid artifacts, we designed the experiment to 
involve a crystal that is easy to cleave, atomically flat, and struc-
turally composed of two sub-nanometer layer units. The first layer 
unit is a proton “source” and the second contains large numbers of 
proton acceptors, similar to a zeolite, i.e., Si-O-Al or Al-O-Al in a 
SiO4 framework. To this purpose, we selected an Al-rich chlorite 
crystal, which is formed by two different polyhedral units: a TOT 
layer and octahedral brucite-like interlayer (Fig. 1). This chlorite 
contains on average >30% of Al3+ in the brucite-like interlayer 
and in the tetrahedral sheets of the TOT layer.

Parallel to the experiments, DFT periodic simulations have 
been performed to study the cohesive properties, the adsorption 
ability, and the local electrostatic potential of chlorite models 
with different content of Al.

MaTerialS and MeThodS

Scanning probe and Kelvin microscopy
The selected clinochlore sample is from the Harvard Mineral Museum (sample 

102181, clinochlore, Brinton’s Quarry, West Town, Chester County, Pennsylvania). 
The average crystal chemistry was studied by O.R. Eckstrand (1963).

Three scanning probe microscopes and four approaches were used to determine 
the Kelvin surface potential of the clinochlore. All the results were consistent and 
reproducible.

First, a Veeco DI Nanoman II AFM with the low-noise electronics of the Na-
noscope IVa controller was used. The electronics and (X;Y;Z) closed-loop control 
enabled high-resolution and reproducibility of imaging with Z sensor noise of 
less than 0.06 nm rms. Veeco MESP tips [Antimony (n) doped Si, Co/Cr coating, 
k about 3 N/m, working frequency about 80 kHz, apex radius of curvature ∼25 
nm] were used for the Kelvin surface potential measurements in lift mode (Veeco 
1999). Each specimen surface was examined after cleavaging.

Then, a Nanoscope IIIa Multimode SPM (Digital Instruments, Santa Barbara, 
California) was used for the investigation. In Kelvin probe force microscopy 
(KPFM) mode the surface potential was measured by both conductive MESP and 
NCHPt-2 Nanoworld (Switzerland) Pt-Ir coated Silicon tips (k about 42 N/m, 
working frequency about 270 kHz, apex radius of curvature ∼25 nm). In addition, 
to improve the spatial resolution of the probes and reduce the parasitic capacity of 
the cantilevers, the metallic coating was optimized with a focused ion beam (FIB) 
microscope (FEI Strata TM DB235), which combines a high-resolution FIB column 
equipped with a Ga liquid metal ion source and a scanning electron microscopy 
column with a Schottky field emission electron gun. Only the upper zone at the 
height of the tip was covered with a conductive layer, then a conductive pathway 
was formed between the tip and the chip base. The Kelvin probe was operated in 
lift mode (Veeco 1999). With the same microscope and FIB-modified cantilevers 
we measured the surface potential of the clinochlore in selected points (without 
imaging) by using the electrostatic deflection mode after calibration of the tip-
cantilever system (Valdrè and Moro 2008a, 2008b).

Finally, a Nanonis SPM control system (Nanonis—SPECS Zurich GmbH, 
Zurich, Switzerland) equipped with two oscillation controller modules (with 
digitally integrated PLL/lock-in) and a software lock-in detector module was 
used. The precise control of the relative tip-sample position was achieved by an * E-mail: giovanni.valdre@unibo.it


