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Abstract

We report on the preparation of hydroxyapatite (HA) nanoparticles with high specific surface area,
terminated with calcium-rich {010} facets, and their subsequent surface functionalization with copper
by cationic exchange with copper nitrate solutions at different concentrations. Elemental analysis
highlighted a progressive increase of the amount of copper incorporated into the HA, reaching a
maximum of ~ 7 wt%. A combined X-ray diffraction and solid-state NMR investigation showed no
significant structural differences after the Cu functionalization, confirming that the copper exchange
occurs mainly at the surface until saturation and, for the higher Cu concentrations, also in the sub-
surface/bulk layers of the material, without altering the HA crystal structure. The gradual substitution of
surface Ca?* by Cu?* was studied also by IR spectroscopy using carbon monoxide as probe molecule.
Finally, we assessed the catalytic activity of the materials testing the electrochemical reduction of H202
by cyclic voltammetry. We observed a progressive increase in catalytic activity correlated with the
amount of Cu, suggesting the possible application of copper-exchanged HA as electrochemical H202
Sensors.

Keywords: copper-exchanged hydroxyapatites, FTIR spectroscopy, solid-state NMR, electrochemical
H202 sensors, electrocatalysis.



1. Introduction

Hydroxyapatite (HA) [Ca10(PO4)s(OH)2] is the principal constituent of the mineralised part of the human
body (bones and teeth). It is a ceramic material which has an intrinsic biocompatibility and it is
considered an important bioactive and bioresorbable biomaterial [1, 2]. However, the importance of the
HAs is not only restricted to study how they formed in the human body or to their uses for biomedical
applications but, recently, synthetic HAs have gained a great interest due to their applications in many
different fields such as heterogeneous catalysis [3], agriculture [4, 5], and pollution remediation [6].

An important property to consider is the structure of the HAs and their surface terminations, which can
be tailored by specific synthesis conditions [7]. From this point of view, the HAs are composed of layers
stacked along the [010] crystallographic direction following the sequence -ABA-ABA-ABA-, where A
= Ca3(POa4)2 and B = Cas(PO4)2(OH)2. Both layers deviate from stoichiometric Ca/P molar ratio of HA
(1.67) since A layer has a Ca/P ratio of 1.5 and B layer has a ratio of 2. There are three possible {010}
surface terminations for the HAs [7]: (i) the ...-ABA-ABA stoichiometric arrangement; (ii) the
(010)_Ca-rich ...-ABA-AB; (iii) {010} the (010)_P-rich ...-ABA-A. The latter two non-stoichiometric
surfaces can coexist on HAs particles [8].

The morphology of the HAs is another important parameter for the improvement and fine tuning of their
applications. The most common morphologies of synthetic HA nanoparticles are rod-like and plate-like,
and the latter is the same observed in bone tissue HA [9]. In both cases, the prevailing surface
terminations are of {010} type [7, 10]. The different morphologies can result in significantly different
functional behaviors as highlighted, for instance, for biomolecules adsorption [11] and for methane
oxidation reactions [12].

Concerning the use of HAs in catalysis, the synthesis methodology is usually tailored to produce HAs in
nanometric size with a high specific surface area, which can be effectively exploited for the desired
chemical reactions [3]. Moreover, the excellent capacity of HAs to exchange their surface ions with other
ions similar in charge and volume can be extremely useful to tune their catalytic properties. Indeed, the
(PO4)* anions can be substituted by (VO4)*, (AsO4)*, (HPOs)?, (CO3)* or (SOs)*, while the Ca?*
cations can be exchanged by divalent cations such as Mg?*, Cu?*, Sr>*, Mn?*, Fe?* etc [6]. In particular,
copper-exchanged HAs have been tested for different applications, including selective hydrogenations
[13], formaldehyde oxidation [14], azide—alkyne cycloadditions [15], NOx selective catalytic reduction
[16, 17] and antimicrobial applications [18]. Different synthetic strategies have been explored to insert
Cu in the HA structure based on ion exchange procedures with copper salts or co-precipitation methods
[14, 19]. Different bulk locations for Cu?* ions in the HA structure have been reported, including bulk
Ca?* substitution (causing a decrease of the cell parameters due to its smaller ionic radius) and hydrogen
substitution in structural hydroxyls forming oxocuprate ions (causing an increase of the cell parameters)
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[20, 21]. For catalysis application is particularly interesting to obtain a copper doping onto the surface
of HA, which has been achieved through ion exchange with surface Ca?* ions, by depositing a copper-
containing amorphous layer onto HA surface, and also by surface complexation [22].

In this work we present the preparation of HA nanoparticles with high specific surface area, elongated
along their crystallographic c-axis, and, thus, preferentially exposing {010} facets. Taking advantage of
the intrinsic characteristic of the HA as ion-exchanger and its high surface concentration of Ca?* ions,
the synthesized HA was then surface-functionalized with Cu?* by ion exchange between the surface Ca®*
and Cu?* cations through soaking in a copper (I1) solution. HA synthesis was tailored to produce
nanocrystals with high surface concentration of Ca?* ions as well as high reactivity by limiting its
crystallization, thus being particularly suitable for surface ion exchange. Different concentrations of
copper were tested, until the maximum exchange capacity of the HA was reached. The obtained materials
were characterized in terms of specific surface area (SSA), elemental composition by inductively
coupled plasma-optical emission spectrometry (ICP-OES) and structural properties by combining X-ray
powder diffraction (PXRD) and solid state Nuclear Magnetic Resonance (ss-NMR). The surface sites of
the materials were investigated by Fourier transform Infrared (FTIR) spectroscopy of adsorbed probe
molecules, using carbon monoxide (CO) since this molecule is sensitive to both Ca?* and Cu?* cations.
Finally, a preliminary test of the electrocatalytic activity of the material was performed. Indeed,
functionalized HA have been largely exploited to realize electrochemical sensors, especially for analytes
of biomedical interest [23-25]. In our study we have assessed for the first time by cyclic voltammetry
the catalytic activity of copper-exchanged HAs toward the electrochemical reduction of H202, which is
a crucial testing molecule and a side product of several biochemical reactions [26]. The presence of
copper is expected to enhance the catalytic activity toward hydrogen peroxide reduction, as already
observed in other systems [27], possibly allowing the future development of electrochemical H202

sensors based on these materials.

2. Experimental

2.1 Sample synthesis

Calcium hydroxide (Ca(OH)z, > 95.0% pure), phosphoric acid (HsPOa, 80% pure), and copper (1) nitrate
hemi(penta-hydrate) (Cu(NOs)2 - 2.5H20, > 99.99% pure) were purchased from Sigma-Aldrich and used
without further purification. All the solutions were prepared with double distilled water. The
hydroxyapatites nanoparticles enriched with calcium at the {010} facets (hereafter HA) were synthesized
as reported in a previous publication [7], by a co-precipitation method using a HsPO4 solution (1.26 M,
0.225 L) which was added dropwise into a Ca(OH)z solution (1.35 M, 0.375 L) under stirring with a flux

rate of 1 drop/second. The reaction solution was left under stirring for 24 hours. The initial pH of the
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Ca(OH)2 solution was 12.8 and it decreased to 12.6 after HsPO4 addition. After 24 hours of maturation,
the final pH was 12.1. The temperature was kept at 310 K throughout all the synthesis process.
Subsequently, the powders were recovered by centrifugation of the mother liquor (4500 RPM, 5 min),
washed with distilled water three times, and, finally, dried using a freeze-dryer. Afterward, HA dry
powder was ground and fractioned employing 75 pm sieves.

Copper-exchanged HA samples were prepared by suspending 1.5 g of HA into 50 mL of copper (1)
nitrate solution under stirring at room temperature for 15 minutes [16]. Longer contact times, up to 60
minutes, do not improve significantly the final copper uptake (see Table S1 in the supplementary
material). Afterwards, a washing and freeze-drying procedure was carried out on all samples as described
above. Three different initial concentrations of copper nitrate solution were used: 0.01 M, 0.05 M and
0.1 M, resulting in three different copper-exchanged samples, which were called as HA Cu_0.01,
HA_Cu_0.05, and HA Cu_0.1, respectively. The initial pH of the copper nitrate solutions was 4.8, 4.3
and 4.0, while the final pH after the exchange procedure was 6.8, 4.6 and 4.3 for the HA_Cu_0.01,
HA _Cu_0.05, and HA_Cu_0.1, respectively. At the employed acid pH, the {-potential of HA was
slightly negative (i.e. -2.9 £ 1.3 mV at pH = 4.8 and -4.0 + 0.2 mV at pH = 4.0), suggesting that it could
interact with the positively charged Cu?* cations in all tested conditions. As control of ion exchange, 1.5
g of HA was suspended into 50 mL of acidic water at pH 4.8 or 4.0 under stirring at room temperature
for 15 or 60 minutes. Copper-exchange procedure was performed at least in triplicate in order to verify
the repeatability of the process.

2.2 Characterization techniques

2.2.1 Elemental analysis. The elemental analysis of the samples as well as quantification of ion
exchange was performed by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
using an Agilent 5100 spectrometer (Agilent Technologies, Santa Clara, CA, USA). Sample preparation
consisted in dissolving 10 mg of the powdered samples in 50 mL of a 1 wt.% HNOs aqueous solution in
triplicate. In the case of ion exchange experiment, the supernatant collected after exchange was diluted
with 1 wt.% HNO3 aqueous solution before analysis. Quantification of Ca, P, and Cu content was made
by calibration curves prepared from commercial certified standard solutions (Sigma Aldrich, St. Luis,
MO, USA). The results are expressed as the mean and standard deviation of triplicate analysis.

2.2.2 Specific surface area. The SSA was determined with a Micromeritics ASAP 2020 by nitrogen
adsorption at 77 K applying the Brunauer-Emmett-Teller (BET) model. Before performing the

measurements, the powders were outgassed at room temperature for 12 hours.



2.2.3 { -potential measurements. {-Potential of the samples was measured with a Zetasizer Nano ZSP
analyser (Malvern, UK). The samples were dispersed in aqueous acidic solution at pH 4.0 or pH 4.8 ata
concentration of 0.5 mg mL™!, and the {-potential was measured using a DTS1061 cell (Malvern, UK)
at 25 °C. Three measurements (maximum of 100 runs each) were collected for each sample and the
results are expressed as their mean and standard deviation.

2.2.4 X-ray diffraction. XRD patterns of the powders were collected with an PANalytical X’Pert Pro
powder diffractometer equipped with X’Celerator detector using Cu Ka radiation generated at 40 kV
and 45 mA. The instrument was configured with % and ¥4 slits. A quartz sample holder was used. A 26
range from 10" to 90" with a step size ("20) of 0.02 and a counting time of 90 seconds per point was used.
PXRD Rietveld refinement analysis was performed with the software TOPASS. For all refinements,
tabulated HA atomic coordinates were used as initial model and anisotropic peak-broadening effects due
to the anisotropic crystal shape were modeled using symmetrized spherical harmonics, while the
pattern’s background was modeled as 11" order Chebychev function. The unit cell parameters and
average sizes of crystalline domains along the hydroxyapatite axis directions Doz and D(s10) were
calculated with the software TOPASS as full-profile peak broadening evaluation. The instrumental
contribution to peak broadening was evaluated by collecting the PXRD pattern of a LaBs standard
sample. The standard deviations of the unit cell parameters and average sizes of crystalline domains were
automatically calculated by the software.

2.2.5 Solid-State Nuclear Magnetic Resonance. Solid-state NMR spectra were acquired on a Bruker
Avance 111 500 spectrometer and a wide bore 11.75 Tesla magnet with operational frequencies for *H
and 3P of 500.13 and 202.45 MHz, respectively. A 4 mm triple resonance probe, in double resonance
mode, with MAS was employed in all the experiments and the samples were packed in a zirconia rotor
and spun at a MAS rate of 15 kHz, giving a sample temperature of 304 K. The 3P MAS spectra were
acquired with a 90-degree pulse and the magnitude of the radio frequency field was 71 kHz with 'H
decoupling during acquisition. For the 3P {*H} cross polarization (CP) MAS experiments, the proton
radio frequencies (RF) of 100 and 50 kHz were used for initial excitation and decoupling, respectively.
During the CP period, the *H RF field was ramped using 100 increments, whereas the 3'P RF field was
maintained at a constant level. During acquisition, the protons were decoupled from 3!P using a Spinal64
decoupling scheme. A moderate ramped RF field of 55 kHz was used for spin locking, while the 3P RF
field was matched to obtain optimal signal. A CP contact time of 6 ms was used. *H MAS NMR spectra
were collected with an excitation pulse of 100 kHz. In addition, a rotor-synchronized spin-echo sequence
(n/2—1—m—1—acquisition) was also applied to record the *H NMR spectra with delay time of 2000 ms. The

relaxation delays, d1, between accumulations were 100 s for 3P and 5 s for *H. All chemical shifts are



reported using o scale and are externally referenced to ammonium dihydrogen phosphate at 0.8 ppm for
3P and tetramethylsilane at 0 ppm for *H.

2.2.6 IR spectroscopy. For FTIR measurements, the powders were pressed into self-supporting pellets
and placed in quartz IR cells, equipped with KBr windows, designed to perform spectroscopic
measurements at low temperature (ca. 100 K, by cooling with liquid N2). The cell was connected to a
conventional vacuum line (residual pressure = 1 x 10 mbar) to perform in situ all thermal treatments
and adsorption-desorption experiments. All the samples were pre-outgassed at 423 K in order to remove
all the water molecules in direct contact with the surface (this temperature was found to be a compromise
allowing to remove the irreversibly adsorbed water without causing any changes in the material
structure) [7]. The pressure of 50 mbar of CO was admitted inside the cell with the pre-treated material
subsequently cooled down to ca. 100 K. The spectra of CO at this pressure and at the subsequent
outgassing steps were collected at a resolution of 4 cm™ with a Bruker Equinox 55 spectrometer,
equipped with a MCT detector. The number of scans was adjusted to 128 to attain a good signal-to-noise
ratio. The data were normalized to the ‘optical density’ (weight of pellet in mg / area of pellet in cm?) in
order to make differences in intensity independent of differences in the thickness of the pellets [28].
Spectra of adsorbed CO are reported in absorbance, after subtraction of the spectra of the sample before
CO admission.

2.2.7 Electrochemical measurements. To perform the electrochemical measurements the materials
were packed into carbon paste electrodes. Electrodes were prepared by accurate hand-mixing of highly
viscous mineral oil (0.175 g) with graphite powder (0.250 g) and HA nanoparticles (0.075 g). Besides,
a control electrode without HA nanoparticles was prepared following the same procedure: highly viscous
mineral oil (0.175 g) and graphite powder (0.325 g). In all the cases, components were homogenized to
obtain a mixture that was subsequently packed into a piston-driven carbon paste holder [29]. Whenever
needed, the surface of carbon paste (with diameter of 2 mm) was mechanically renewed by extruding ca.
0.5 mm carbon paste out of the electrode holder and smoothing with a wet filter paper.

Cyclic voltammetry (CV) measurements were carried out with an Autolab electrochemical analyzer
operated via NOVA 2.14 software (Metrohm Autolab, Utrecht, The Netherlands). The conventional
three-electrode configuration with the different HA nanoparticles carbon paste electrode was employed
throughout the work. The Ag/AgCl 3 M KCI and a Pt wire served as the reference and auxiliary
electrodes, respectively. All electrochemical experiments were carried out in one-compartment
voltammetric cell (10-20 mL) at room temperature. CV measurements were performed in 10 mL of 0.02
M PBS buffer. The catalytic activity of the HA nanoparticles was tested by addition of H202 that was
prepared in PBS buffer with a concentration of 0.1 M. All carbon paste electrodes were kept for one day
after their preparation to homogenize.



3. Results and Discussion

3.1. Elemental and Structural Analysis

The elemental composition of the samples is presented in Table 1. The SSA of all samples is in order of
magnitude expected for nanometric materials (125 m?/g) and does not show significant differences after
the exchange procedure.

In all cases, the exchange between Cu?* and Ca?* cations was achieved. It can be noticed that the
difference in copper incorporated between HA_ Cu_0.05 and HA_Cu_0.1 is minimal, being 7.2 and 7.7
(wt. %), respectively. As it was reported before [30, 31], this could be the consequence of reaching the
saturation of the surface cations exchange capacity, which in our conditions is achieved already when
the sample is put in contact with a 0.05 M Cu?* solution. Indeed, ICP analysis of the supernatant solutions
after the exchange procedure highlights that the Cu uptake is almost 100 % for the 0.01 M copper nitrate
solution, while is only ~ 40 % for the 0.05 M solution (see Table S1 in the supplementary material),
suggesting a saturation of the HA exchange capability.

The content of phosphorous is the same for all the materials since it is not involved in the cation exchange
mechanism. Conversely, as can be expected, the Ca/P atomic ratios in the exchanged materials are
noticeably lower than in the HA, owing to the substitution of the surface-exposed Ca?* cations with Cu?*.
This is in agreement with the almost constant value of the (Ca+Cu)/P atomic ratio of the samples, which
is close to the stoichiometric value of HA (1.67), indicating the consistency of the Ca—Cu surface
exchange. These evidences suggest that other possible mechanisms reported in literature for HA
synthesized at higher temperatures (and thus more crystalline), involving Cu?* complexation with surface
anions [22], are not dominant in our case, where the higher reactivity given by the lower HA crystallinity
allows Ca?* cations to detach from HA surface and be exchanged with Cu?*. This statement is further
confirmed by the ICP analysis of the solution after the exchange procedure (see Table S1 in the
supplementary material) which highlights an almost perfect 1:1 exchange between Cu?" and Ca?* for
HA_Cu_0.01, paired with a negligible phosphate release. However, it is worth to note that the small
increase of the (Ca+Cu)/P atomic ratio from 1.67 to 1.70 could also be compatible with the coexistence
of a small contribution from a surface complexation mechanism for the samples with higher Cu loadings,
as proposed for more crystalline samples by Campisi et al [22]. This possibility is also supported by the
slightly higher (1.5) ratio between uptaken Cu?* and released Ca?* for HA_Cu_0.1 (see last column of
Table S1).

On the basis of these data the number of Cu?* cations exposed per area unit was estimated. The calculated
value for HA_Cu_0.05 and HA_Cu_0.1 slightly exceeds the surface density of Ca ions in pure HA
reported in previous studies (4.5 Ca?*/nm?) [10, 32], which implies the maximum possible exchange of

the surface-exposed Ca atoms to Cu. The discrepancy between the surface density of exposed cations
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for pure HA and estimated amount of Cu ions on the surface of the exchanged materials could be possibly
explained by the presence of a limited exchange also of the sub-surface or bulk Ca?* ions. It is worth
noticing that the amount of Cu in the HA_Cu_0.01 sample (1.6 Cu?*/nm?) is considerably lower than the

amount of Ca in HA suggesting the co-existence of both Ca and Cu ions on its surface.

Table 1. Samples codes, weight percent composition measured by ICP, atomic ratios and estimated

number of Cu?* cations per nm?.

[Ca?] [Cu”] [Pl
Sample Ca/P (Ca+Cu)/P Cu?/nm?
(Yowt.) (Yowt.) (Yowt.)
HA 33.0+x0.7 - 15.3+03 1.67+0.04 - -

HA_Cu_0.01 33.2+0.1 209+0.03 16.0+01 160+0.01 167+0.01 1.6
HA_Cu_0.05 29.0+0.2 7.67+0.02 155+01 145+0.01 169+0.01 5.8
HA_Cu_0.1 28.4+0.2 7.17+0.09 150+02 146+0.02 1.70+0.02 5.4

Structural characterization of the samples was obtained from the XRD patterns (Figure 1), which show
broad diffraction peaks indexed as hydroxyapatite single phase (PDF no. 00-009-0432). There are no
marked differences between the copper loaded samples and the pristine material.

A more quantitative analysis, reported in Table 2, of HA unit cell parameters shows no significant
differences between the samples, confirming that the copper exchange has occurred mainly on the
surface and, in part, in the bulk without altering the crystal structure. From the estimation of crystalline
domains along the c-axis (Do2) and a-b plane (Di0)) it can be observed that all samples have
comparable crystalline domain dimensions and have a high Doz)/D310) ratio, in agreement with the
elongated morphology which preferentially show {010} facets as already reported in previous studies
[7]. Furthermore, it can be observed that copper-exchanged samples have a slightly shorter D(oo2) Size,
suggesting that a slight decrease in crystallinity occurs during the process. This is likely due to the acidic
pH (4.8-4.0) of the solution during the exchange procedure (see Experimental Section). However,
soaking the HA samples in acidic solutions at the same pH, but in absence of copper nitrate, results in a
very limited Ca and P release (see Table S1 in the supplementary material) confirming that ion exchange
was the most relevant mechanism during the doping process. Moreover, in the patterns of the
HA Cu_0.05 and HA Cu_0.1 samples, an additional small peak appears at 12° ascribed to the
precipitation of a small fraction (< 1% wt) of brushite (CaHPOa4-2H20, PDF no. 09-0077), which is a

calcium phosphate phase more stable in acidic conditions.



HA_Cu_0.01

Intensity (a.u.)

HA_Cu_0.05

10 20 30 40 50 60
26 (°)
Figure 1. XRD patterns of the pure and copper-exchanged HAs with indexing of the main diffraction

peaks. The diffraction peak associated with the brushite phase is marked with an asterisk.

Table 2. Unit cell parameters and crystalline domains along the [002] and [310] directions obtained
from the XRD patterns of the samples.

D(002)
Sample a (A) C (A) D@10) (nM)  D(oo2)/D(310)
(nm)
0.427 + 6.895 +
HA 39+1 12+1 3.2
0.002 0.001
9423 + 6.890 +
HA Cu_0.01 35+1 11+1 3.3
0.002 0.001
0.426 + 6.891 +
HA Cu_0.05 36+1 11+1 3.2
0.002 0.001
9.425 + 6.891 +
HA Cu 0.1 36+1 9+1 4.0
0.002 0.001




More detailed structural information about the materials was obtained by solid-state NMR (ss-NMR).
Figure 2 shows the *H MAS NMR and *H ECHO NMR spectra of the samples. The ECHO NMR
experiment, with appropriate delay time, has been performed as an optimized compromise between the
signal decay owing to relaxation and the resolution gain owing to longer delay times [33]. Spectral
parameters extracted from these data are summarized in Table 3. The HA sample consists of two intense
resonances at -0.1 and 5.2 ppm (Figure 2A) due to apatite structural hydroxyl groups and surface-
adsorbed water, respectively [34]. In addition, low intensity peaks due to hydroxyls on calcium in the

HA surface layers are detected at 1.2 and 0.8 ppm [35].

TH MAS NMR 'H ECHO NMR
5.2 -0.1
A 0.1 B
HA 1.2
HA_Cu_0.01 _//L
HA_Cu_0.05 JL
HA _Cu 0.1 JL
" 15 10 5 0 ppm_ 8 6 4 2 0 -2 ppm
51{

Figure 2. 'TH MAS NMR (A) and *H ECHO NMR (B) spectra of HA samples recorded with a MAS rate
of 15 kHz.

Table 3. *H and 3P NMR chemical shifts § (£0.05 ppm) and linewidths A (£10 Hz) of selected species
observed in HA samples. 6n1 = -0.1 ppm corresponds to apatite structural hydroxyls and dp = 2.7 ppm to
bulk phosphate groups.

Sample ou (ppm) A (H2) op (ppm) A (Hz)
HA -0.1 227 2.7 308
HA_Cu_0.01 -0.1 356 2.7 356
HA_ Cu_0.05 -0.1 470 2.7 389
HA Cu 0.10 -0.1 489 2.7 390
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After the copper exchange, the chemical shifts of peaks associated to structural hydroxyls and surface-
adsorbed water remain unaffected, while the resonances appear significantly broadened, especially for
water, depending on the extent of Cu loading. This broadening suggests that water molecules can be
complexed by the Cu sites. The most striking feature of Figure 2A is the observation of a very broad
peak centered at around 3 ppm in copper-exchanged samples, which is tentatively assigned to Cu-OH
species. The linewidth of all peaks (in Hz) increases with increasing Cu loading (Table 3) and this effect
is attributed to the presence of paramagnetic Cu ions on the apatite surface [36, 37]. Compared to the
spectrum of the HA, the spectra of Cu loaded samples are significantly unresolved revealing substantially
greater line broadening and thus being assignable only in part. However, a detailed inspection of full
width at half-maximum (FWHM) extracted from 'H ECHO NMR data (Figure 2B and Table 3) on
structural hydroxyls reveals the manifestation of the line broadening associated to increased Cu loading

in apatite samples.

3Ip MAS NMR 31Ip CPMAS NMR
2.7 27
A B
5.9 - 509/ \13
J HA_Cu_0.01 )\
J HA_Cu_0.05 J \
J HA_Cu_0.1 J \
1I5 ll() ; (|) -I5 I ppm 115 1I0 ; (') -IS I ppm
Op

Figure 3. 3P solid-state NMR spectra of the HA samples recorded using MAS (A) and CPMAS (B)
under proton decoupling conditions.

The 3P MAS and CPMAS NMR spectra of the HA samples are shown in Figure 3. The MAS NMR
spectrum of HA, recorded under proton decoupling, reveals two resonances, one at 2.7 ppm attributable
to the crystallographically equivalent bulk phosphate groups and the second one at 5.9 ppm due to surface
phosphate groups [38, 39]. However, the 3P CPMAS NMR spectrum of the same sample showed an
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additional resonance at 1.3 ppm and is due to surface HPO.? groups [39] (Figure 3A). The appearance
of a peak in a CPMAS spectrum reveals the strong *H-3'P heteronuclear dipolar interaction, whose
strength decreases with increasing internuclear distance [40]. The 3P CPMAS NMR spectra of copper-
exchanged samples are essentially identical in terms of chemical shifts, however, a progressive increase
in linewidth of peaks with increasing Cu loading is noted due to dipole-dipoles interactions between Cu
electron spin and nuclear spins (*H or 3!P) leading to a faster nuclear spin relaxation behaviour (Table
3). This results in significantly less-well resolved spectra, therefore, substantially greater line
broadening. However, the presence of three resonances in copper-exchanged samples can be confirmed
from the spectral deconvolution. The ss-NMR data further confirm the substitution of surface Ca?* ions
with Cu?* also involving the sub-surface or bulk layers for the HA samples with higher loadings.

Finally, it is worth noting that the combined elemental analysis and structural characterization showed
that the HA Cu_0.05 and HA_Cu_0.1 samples are comparable. Therefore, we can conclude that the
complete substitution of surface Ca?* ions with Cu?* occurs already with the 0.05 M Cu(NO3)2 solution.

On this basis, we will not further discuss the HA_Cu_0.1 sample in the following sections.

3.2. Surface characterization

To investigate the surface properties of the materials by infrared spectroscopy, we selected carbon
monoxide, which is a versatile probe molecule, able to study both Ca and Cu surface sites. Before
performing CO adsorption experiments, the surface of the materials should be ’cleaned from residual
water molecules adsorbed on the surface [41, 42]. To achieve this objective, the HA materials need to
be pre-outgassed at 423 K for 2 hours. The efficiency of this protocol into attaining a ’clean‘ surface
without introducing significant structural modifications was demonstrated elsewhere [7].

The sets of spectra collected at 100 K at decreasing CO coverages for HA, HA_Cu_0.01 and
HA_Cu_0.05 samples are shown in Figure 4. In HA sample (Figure 4A) an intense band centered at
2168 cm™ was observed, which progressively shifts to 2178 cm™ while decreasing the CO coverage.
This signal is related to the v(CO) mode of carbon monoxide molecules adsorbed on surface-exposed
Ca?* cations of HA [7, 10]. At lower wavenumbers (around 2143 cm™) at the highest CO coverage, the
CO gas phase profile can be appreciated, due to the high pressure into the IR cell, witnessing that the
material is completely covered by CO molecules.

In the copper-exchanged samples HA_Cu_0.01 (Figure 4B) and HA_Cu_0.05 (Figure 4 C), new v(CO)
bands appear that are due to the presence of Cu ions on the surface of the materials: one in the range
2105-2120 cm™, and another one in the range 2150-2160 cm™. It can be observed that the most intense
band for both copper-containing samples is centered at lower wavenumbers (2108 cm™ in the case of
HA_ Cu_0.01, and at 2115 cm™ in the case of HA_Cu_0.05). In both cases, a shift of these bands towards
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higher wavenumbers at decreasing coverage is observed, owing to the progressive fading out of CO-CO
lateral interactions [43]. Considering the position of the bands and the bond strength between the CO
and the copper ions, evaluated by the irreversibility of the bond at room temperature, this lower
wavenumber band was attributed to Cu™ cations [44, 45]. The presence of Cu™ cations in the material can
be explained by a partial reduction of Cu?* surface ions occurring during the heating procedure in vacuum
conditions [46], performed before the CO adsorption experiment.

The second band, found at higher wavenumbers (2149/2155 cm™), shows a lower intensity and a lower
stability since it totally disappears during the outgassing procedure at beam temperature. For these
reasons, this signal can be attributed, on the basis of previous literature assignments [44], to CO
interacting with Cu?* cations not reduced during the activation process. It is also worth to note that, in
the case of HA_Cu_0.01, the band 2149 cm is overlapped with a signal at 2166 cm™ due to CO adsorbed
on residual Ca?* cations on the HA surface. Conversely, in the spectra of CO adsorbed on HA_Cu_0.05,
the 2166 cm™ component is absent, further confirming the complete exchange of the surface-exposed
Ca cations with Cu.

To further confirm these assignments, we performed an IR experiment adding an oxidation step after the
outgassing procedure at 423 K. As visible in Figure S1 of the supplementary material, the relative
intensity of the Cu* signal is considerably reduced in favor of the band assigned to CO adsorbed on Cu?*
cations. The observed different reducibility of the Cu?* could likely be ascribed to cations located in
different positions in the HA (e.g. resulting from surface exchange or from surface complexation).
Finally, also surface P-OH can act as adsorption sites for CO, giving rise to a band at about 2170 cm™.
Indeed, from the insets of Figure 4 we can notice a perturbation of the v(OH) mode of the P-OH groups,
which is initially centered at ~ 3680 cm™, and it is then downshifted after CO adsorption. However,
given the small intensity of the P-OH band and considering the ratio between the integrated intensity of
the v(OH) band of unperturbed P-OH and that expected for the stretching band of CO adsorbed on them
[7], we can conclude that the interaction of CO with P-OH groups contributes into a limited extent to the

signal in the v(CO) spectral region.
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Figure 4. FTIR spectra of CO adsorbed at ca. 100 K on HA (panel A), HA Cu_0.01 (panel B) and
HA_Cu_0.05 (panel C) at different coverages starting from 50 mbar (curves a) with stepwise outgassing
till 1 x 10" mbar (curves j). The spectrum of the activated material has been subtracted from all spectra.
In the inset the OH stretching region is reported.

3.3. Electrocatalytic H.O- reduction
The potential catalytic activity of HA and HA_Cu samples was investigated by Cyclic Voltammetry

(CV) toward the electrochemical reduction of H202. Figure 5A shows the voltammograms obtained for
14



the bare electrode (black curves) in comparison with the sample HA_Cu_0.05 (red curves), scanning the
applied potential from 1 to -1.4 V. An analogous methodology has been adopted for all the samples. The
CV of the different electrodes in the PBS buffer was first recorded, then a solution of H202 with a final
concentration of 0.2 mM was added to the cell and the voltammetry was repeated. In the latter case, we
can appreciate an evident increase of cathodic current for sample HA_Cu_0.05 as a broad peak that starts
from —0.4 V and extends down to —1.4 V, due to the H202 electrochemical reduction. Moreover, in the
voltammogram of HA_Cu_0.05 we can see a small oxidation peak around 0.0 V: this signal can be due
to the re-oxidation of the copper species in the electrode [47].

Figure 5B shows the differences in current intensity in absolute value (JAl|), calculated at -0.4 V, between
the voltammograms before and after addition of H202 for each sample. The shift of the H202 reduction
potential to less negative values in such a way that at —0.4 V the cathodic current is significantly higher
than that of bare electrode is interesting for practical applications when compared to other copper-based
systems reported in literature [48, 49]. Indeed, in electroanalysis the possibility to operate at low
potentials is crucial to achieve higher selectivity, avoiding the interferences which could be present in a
real complex sample at higher applied potentials due to other species which can undergo electrochemical
oxidation/reduction. Paying attention to the differences in |Al|, it can be observed that the bare electrode
and HA have a comparable catalytic activity. On the contrary, for HA_Cu_0.01, a small increment of
the catalytic activity is observed, which can be attributed to the incorporation of Cu?* cations into the
surface of the HA. The current increase is much more evident for the sample HA_Cu_0.05, confirming
that the catalytic activity of the samples increases with the amount of Cu?* cations incorporated into the
surface. This is in agreement with previous reports which highlighted that copper ions induce catalytic
activity toward electrochemical reduction of H202 [27]. We can conclude that our materials behave like
nanozymes, i.e. nanomaterials that mimic enzyme-like catalytic activity [49], mimicking in our case the

catalase enzyme.
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Figure 5. (A) Comparison between the voltammograms of bare electrode (black) and HA_Cu_0.05 (red)
in PBS (dashed curves) and after addition of H202 with a final concentration in the cell of 0.2 mM (solid
lines). (B) Differences in current intensity in absolute value (JAl|), calculated at -0.4 V, between the

voltammograms before and after addition of H202 for each sample.

4. Conclusions

In this study we synthesized HA nanoparticles with high specific surface area (125 m?/g), showing
elongated {010} facets. The synthesis was optimized to obtain HA surfaces with high concentration of
Ca?*and low crystallinity to favor surface ion exchange. The HA samples were then soaked in copper
(1) solutions at different concentrations (i.e. 0.01, 0.05 and 0.1 M). We found that the complete
substitution of surface Ca?* with Cu?* cations can be already achieved with the 0.05 M solution.
Increasing the concentration of the solution does not result in a higher Cu content in the final material,
which remains ~ 7 %wt. For the HA_Cu_0.01 sample, where the substitution of surface Ca?* was not
complete, we obtained an almost perfect 1:1 exchange between the available Cu?* in solution and surface
Ca?*, paired with a negligible phosphate release. Conversely, a small contribution from a surface
complexation mechanism could also be present for the samples with higher Cu loadings.

Combining XRD and solid-state NMR, we highlighted that the copper exchange took place mainly at
the surface and, for the higher Cu concentrations, also in the sub-surface/bulk layers, without
significantly altering HA crystal structure. However, a slight decrease in crystallinity occurred for
copper-containing samples, likely due to the acidic pH of the copper solution used during the exchange
procedure. Moreover, we observed the appearance in the *H MAS NMR spectra of copper-exchanged
samples of a very broad peak, centered at around 3 ppm, which could be assigned to the formation of

Cu-OH species.
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The surface properties of the materials were investigated by FTIR spectroscopy of adsorbed CO after
activating the samples at 423 K. On the HA_Cu_0.01 sample, carbon monoxide was able to probe both
Caand Cu cations, while only bands related to Cu?*/Cu* sites were observed on the HA_Cu_0.05 sample,
further confirming the complete surface exchange of Ca with Cu.

Finally, a preliminary test of the electrocatalytic activity of the material was performed by cyclic
voltammetry. Moving from the pristine HA to HA_Cu_0.01 and HA_Cu_0.05 samples, we observed a
progressive increase in catalytic activity toward the electrochemical reduction of H202, which could pave
the way to future applications of copper-exchanged HA materials as an alternative to noble metal and

enzyme catalysts for electrochemical H202 sensors.
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