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EXPERIMENTAL DETAILS
Materials

Ca(NO3)24H,0 (99%), (NH4)H,PO,4 (98%), Pb(NO3), (99%), methyl ammonium chloride (MACI,
99.5%), isopropanol (IPA, anhydrous, 99.5%), dimethylsulfoxide (DMSO, anhydrous, 99.9%), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), chlorobenzene (CBZ, anhydrous, 99.5%), 2-methoxy
ethanol (anhydrous, 99.5%), ethanolamine (anhydrous, 99.5%), 4-tert-butylpyridine (96%), lithium
bistrifluoromethanesulfonimidate (LiTFSI, 99.95%), titanium isopropoxide (TIP, 99.9%),
poly(methyl methacrylate) (PMMA, molecular weight 15,000 g/mol), Terpineol (99.9%) and
ethylcellulose (10 cP) were all purchased from Aldrich and used as received. Pbl, (Tokyo Chemical
Industry, 99.9%), TiO, nanoparticles (NPs) (Dyesol 30NRD), methyl ammonium bromide (MABT,
Greatcell Solar, 99.5%), 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene
(Spiro-MeOTAD, Ossila Ltd, 99.5%) and formaminidium iodide (FAI, Greatcell solar, 99.5%) were

also used as received. Ultrahigh purity (distilled and deionised) water was used in all experiments.
Hydroxyapatite nanoparticle synthesis

The method used to prepare hydroxyapatite (HAP) was a modification of previous methods®™ 2
Ca(NO3)24H,0 (35.42 g, 0.15 mol)) was added to water (200 mL) in a polypropylene (PP) bottle
and the pH was adjusted to 7.4 by addition of NaOH (5.0 M) solution. Separately, (NH;),HPO,
(13.206 g, 0.10 mol) was added to water (200 mL) in a different PP bottle and the pH was adjusted to
4.0 by addition of a few drops of HNO;3; (5.0 M) solution. The Ca(NO3),4H,0 solution was then
added dropwise at a constant rate over 2 h to the stirred (NH4),HPO, solution and the pH adjusted to
10.8. The dispersion was allowed to stir for a further 16 h. The HAP nanoparticles (NPs) were
collected by vacuum filtration, rinsed extensively with water and dried at 60 °C for 16 h in a vacuum

oven.
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HAP dispersion preparation

HAP dispersion was prepared by mixing HAP NP powder (0.60 g) with ethylcellulose (0.50 wt.%) in
ethanol (5.0 mL) followed by stirring for 10 min at room temperature. The dispersion was then ultra-
sonicated for 10 min. Meanwhile, ethylcellulose (0.50 g) was added to ethanol (5.0 mL) and stirred
for 20 min at 50 °C. These two solutions were then mixed together and terpineol (3.50 g) added. The
HAP dispersion was stirred at 50 °C and sonicated for 10 min immediately before used. The HAP

dispersion concentration was 5.0 wt.%

TiO, scaffold preparation

FTO coated glass slides (2.0 cm x 1.5 cm) were cleaned by sonication in an aqueous Hellmanex
solution (2%) at 100 °C for 15 min followed by extensive rinsing with water, acetone, ethanol and
IPA. The FTO/glass slides were dried using a nitrogen stream and further treated under UV
irradiation and ozone. TiO, dispersion (70 pL, 1:5 in ethanol, 5.0 wt%) was spin-coated onto the
slides at 5,000 rpm for 30 s to form a mesoporous scaffold (denoted as mp-TiOy). The mp-TiO; film
was sequentially annealed at 125 °C (5 min), 325 °C (5 min), 375 °C (5 min) and 450 °C (30 min).

The substrate was subsequently left to cool to room temperature.

HAP/TiO, mixed scaffold preparation

The two mixed HAP/TiO, scaffolds studied contained nominal HAP concentrations of 30 wt.% or 70
wt.%. Accordingly, HAP NP dispersion (5.0 wt.%) (300 mg or 700 mg, respectively, for 30% or
70% HAP scaffold) was mixed with TiO, NP dispersion (5.0 wt.%) (700 mg or 300 mg, respectively,
for 30% or 70% HAP scaffold) and stirred to obtain the required mixed HAP/TiIO, dispersion.
Sonication was then applied for 15 min. To obtain the mixed scaffold a portion of the mixed
dispersion (70 pL) was spin-coated onto the FTO substrate at 5000 rpm for 30 s and sequentially

annealed as described above.
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Perovskite film preparation

A Pbl; solution (1.3 M) was prepared in DMF (950 uL)/DMSO (50 uL) co-solvent blend and 75 pL
of the solution dropped onto the FTO/bl-TiO,/scaffold and then spin-coated at 1500 rpm for 30 s.
The substrate was placed on a 70 °C hot plate and heated for 1 min and cooled to room temperature.
A double cation solution was prepared containing FAI (60 mg, 0.349 mM), MABr (6.0 mg, 0.054
mM) and MACI (6.0 mg, 0.089 mM) in 1.0 mL of IPA. This solution was dropped onto the Pbl,
films and then the substrate was spin-coated at 1500 rpm for 30 s. The substrate was then placed on a
150 °C hot plate and annealed for 15 min in a nitrogen filled glovebox. The perovskite (PVK) films

were stored in a desiccator over P,Os in the dark until investigation.

Device fabrication

Etched FTO-coated glass substrates (TEC15, ~15 Q/sq, Nippon Glass) were cleaned by following
the procedure described above. To deposit a blocking layer of compact TiO, (bl-TiO,) titanium
isopropoxide (0.0672 g) was mixed in 2-methoxy ethanol (0.965 g) and ethanolamine (0.082 g) and
95 uL of the solution was spin-coated at 4000 rpm for 30 s on heated substrates (125 °C). The
average bl-TiO, thickness was 30 nm. The film was sequentially annealed as described above and
was treated by UV ozone for 10 mins after cooling. After cooling, scaffolds were deposited by spin-
coating 70 uL of the respective dispersion at 5000 rpm for 30s, followed by the same sequential
annealing procedure and UV ozone as described above. The PVK film was then deposited as
described above. Then, spiro-MeOTAD solution (90 mg/ml in CBZ, 75 ulL) added with TBP, Li-
TFSI and FK209 was deposited as the hole transport matrix (HTM) and kept in darkness and dry air.

A gold layer was deposited on top of the HTM (80 nm) by thermal evaporation.
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Physical measurements

The surface and cross-section morphologies were measured using an Ultra 55 Carl Zeiss Sigma
FEG-SEM. XRD profiles were obtained using a Bruker D8 Advance diffractometer (Cu-Ka) with a
step size of 0.02°. The films were prepared under a nitrogen atmosphere and encapsulated with a thin
layer of PMMA for these experiments. UV-visible spectra were recorded using a Perkin Elmer
Lambda 25 spectrometer. Photoluminescence (PL) spectra were obtained using an Edinburgh
Instruments FLS980 spectrometer. Measurements were conducted from the FTO side of the
glass/IFTO/HAP-TIO,/PVK film and the excitation wavelength was 480 nm. The film thicknesses

were measured by SEM and / or stylus profilometry (DEKTAK, Bruker GmBH).

Ultraviolet photoemission spectroscopy (UPS) was performed using a HIS 13 high intensity VUV
source (200 mA emission, Focus GmbH) within an ESCA2SR spectrometer (Scienta Omicron
GmbH) using He | (hv = 21.2 eV) photons. The binding energy scale is referenced to the Fermi
energy of gold. Space-charge limiting current (SCLC) measurements using electron-only devices
were performed using an FTO/bl-TiO,/meso-TiO,-HAP/PVK/PCBM/Au architecture. The PCBM

concentration in CBZ used for spin-coating was 8.5 mg/mL.

XPS measurements were performed with either a SPECS or a Kratos Ultra Axis XPS spectrometer,
equipped with a monochromated Al Ko X-ray source using X-rays with energy of 1486.7 eV.
Binding energies (BEs) were calibrated to C 1s from adventitious carbon at 284.8 eV.* All XPS
spectra were fitted and analysed using a CasaXPS software, where a Shirley background and pseudo-

Voigt (GL(30)) function (30% Lorentzian and 70% Gaussian) were applied.*
Adsorption experiments

Pb(NO3), powder (1.28 g, 3.9 mmol) was dissolved in water (800 mL) to obtain a stock Pb** solution

with a concentration of 1000 ppm. Then, dilutions using water were used to obtain the required Pb
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concentrations. HAP powder was added to the Pb solutions and allowed to equilibrate. To determine
the Pb concentration samples were analysed using a calibrated using a Pb ion-selective electrode.

The equilibrium adsorption capacity (ge) was calculated using the following equation®.

Co—Co)V
g = L=

m

In the above equation Ce, C,, V and m are the equilibrium Pb®* concentration, initial Pb**

concentration (mg/L), volume of solution and mass of HAP, respectively.
Device measurements

The current density-voltage (J-V) characteristics were measured using a Keithley 2420 Sourcemeter
and 100 mW/cm? illumination (AM 1.5G) and a calibrated NREL certified Oriel Si-reference cell.
An Oriel SOL3A solar simulator was used for these experiments. Forward and reverse direction
sweeps were measured with a sweep rate of 0.20 V/s in ~ 40% relative humidity. The device area

was 0.080 cm?. Unless otherwise stated, metrics quoted for the devices are from reverse scans.
Device failure simulation

The HAP-containing devices for failure simulation had an additional HAP encapsulation layer
added. Accordingly, HAP dispersion was spin-coated on a cleaned glass slide at 2500 rpm for 60s to
obtain a 20 um HAP encapsulation layer. To prepare a thicker HAP encapsulation layer (40 um), a
slower spin-coating speed was used (1000 rpm, 60s). After that, the HAP-coated glass underwent
annealing at 500 °C for 15 mins. After cooling, the glass/HAP substrate was placed onto devices
such that the HAP was in direct contact with the Au layer of the device. An Ossila epoxy was used to

seal the device edges.
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The completed (encapsulated) PSCs were then damaged to a similar crack degree with a hammer
which was used to break the centre of the glass/photoanode substrate. For two-point break the cells
were broken on the top surface as well. These damaged PSCs were then placed in separate beakers
(100 mL) filled with water (50 mL) and stirred continually. Samples were taken for analysis at

specific times and analysed using either a calibrated Pb ion selective electrode or ICP-AES.
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HAP characterisation and Pb uptake

TEM of the crystals is shown in Fig. S1. Whilst the crystals aggregated on drying, close examination
reveals individual nanorods (see the insets). The X-ray diffraction profile (Fig. S2) reveals that all
the peaks match those reported for HAP® 7, which supports attainment of high HAP purity. The FTIR
spectrum for HAP (Fig. S3) shows the peaks expected. The main peaks at 1025, 600 and 560 cm™

are due to different bending and stretching modes” ® of PO,>.

The adsorption capacity (gmax, in mg/g) was calculated from adsorption isotherm data (Fig. S4A)

plotted according to Equation 2 (Fig. S4B), which is the linearised version of the Langmuir isotherm

equation.

C C 1
—~=——+ 2)
de Amax dmaxb

For the above equation Ce, ge and b are the equilibrium concentration of Pb(Il) (mg/L), adsorption
capacity (mg/g) and the Langmuir constant (L/mg), respectively. The line of best fit gave gmax and b
values of 1350 mg/g and 0.294 g/mg, respectively. The value for gmax Obtained in this study is much

higher than the values reported by other studies, which ranged from 279 to 750 mg/g® *°.
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Fig. S1. TEM image of a HAP aggregate of rod-like nanoparticles (NPs). The measurements for
several of the nanoparticles are shown. The insets show regions that have been expanded and

subjected to despeckle noise reduction (Photoshop) to better show the nanorods.
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Fig. S2. X-ray diffraction profile for HAP NPs. The assignments are based on those from the

literature'® 2.
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Fig. S3. FTIR spectrum of the HAP NPs. The two main absorption bands are due to PO, (See text).
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Fig. S4. (A) Adsorption isotherm for Pb with HAP NPs and (B) Langmuir fitting for the data from

(A). See HAP characterisation and Pb uptake discussion above for more details.
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Fig. S5. Large area SEM images for scaffolds containing (A) 0%, (B) 30%, (C) 70% and (D) 100%
HAP. The TiO, and HAP NPs are white dark grey, respectively. The large gaps in (D) are the thin

TiO, blocking layer on FTO. Scale bar is 100 nm and applies to all images.
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Fig. S6. Pore size distributions for the scaffolds prepared using (A) 0%, (B) 30% and (C) 70% HAP.
The pores for the 100% HAP scaffold were very large and interconnected (Fig. S5D) and could not

be quantified in a manner that was related to (A) to (C).
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Fig. S7. (A) Transmittance spectra for the various HAP/TiO, scaffolds (see legend). (B) Average

transmittance from the spectra in (A).
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Fig. S8. (A) X-ray diffraction profiles for PVK films prepared using 0% HAP, 30% HAP, 70% HAP
and 100 % HAP. The peak labelled with an asterisk is due to Pbl,. The assignments are from Ref. 13

(B) Average full-width at half-maximum values from the (001), (002) and (012) peaks in (A).
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UPS measurements

UPS measurements were performed for the PVK films prepared using the HAP/TiO, scaffolds and
the spectra are shown in Fig. S9A and S9B. The energy levels derived from the spectra and the band
gap values are show in Fig. S9C. In each case the Fermi level energy (Eg) is closer to the energy of
the conduction band minimum (Ecpm) than the energy for the valance band maximum (Eynm). Hence,
these PVK films are n-doped™* *°. This is expected because residual Pbl, was present as evidenced
by the XRD data (Fig. S8A). There is a small downward shift of Ecpn and Eypm (by ~ 0.1 - 0.2 €V) as

the HAP content increases.
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Fig. S9. UPS spectra showing (A) the cut-off region (hv = 21.22 eV) and (B) the valence band edge
region for PVK films prepared using 0% HAP, 30% HAP, 70% HAP and 100 % HAP. The work
functions were obtained from the difference of hv and the cut-off values in (A) and are equal in
magnitude to the Fermi energy (Er). The values for E\pm-Er were obtained from (B). The conduction

band minimum values (Ecom) Were obtained using the sum of Eypm and Eq (from Fig. S13).
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Fig. S10. Measured (A) Short circuit current densities, (B) open circuit voltages and (C) fill factors
for the devices prepared using scaffolds containing different HAP concentrations. The relative values
of these parameters with respect to the average values for the 0% HAP system are shown in (D) —
(F). These plots reveal the relative importance of each parameter to the PCE data shown in Fig. 3C.

It can be seen that the changes in FF and, to a lesser extent V., govern the PCE trends of Fig. 3C.
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Space-charge limiting current measurements

We fabricated electron-only devices to assess the defect density for the devices using space-charge
limiting current measurements (SCLC). The data obtained are shown in Fig. S11A and the device
architecture used is depicted in Fig. S11B. There are two regions for these data which are the linear
ohmic region and the trap-filled region. The major increase in gradient is due to the traps becoming
filled. The number density of defects/traps (Ng) was calculated from the trap-filled voltages (V+r.,
see Fig. S11A) and the thicknesses of the photoactive layer (scaffold plus capping layer, L) using the

following equation.

2ee,V-
Nd — oVTFL 3)

el?

The parameters &, & and e are the relative dielectric constant of PVK (46.9%), dielectric constant of a
vacuum and charge of an electron, respectively. The calculated values for Ng are shown in Fig. S11C.

These data show that the Ngy value is a minimum for the system prepared using 70% HAP.
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Fig. S11. (A) Space-charge limiting current (SCLC) measurements for electron-only devices using.
The trap-filled limit voltages (Vrr) are shown. (B) Depiction of the architecture for the electron-

only devices. (C) Calculated trap density for each of the systems obtained using equation (3).
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factors for various systems. The cells were stored under ambient conditions with 40 to 75% RH.
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Fig. S13. Tauc plots and estimated optical bandgaps for perovskite films prepared using scaffolds
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the main text.

S23



Probing interactions between HAP and precursors using FTIR spectra of model reactions

In order to test for interactions between HAP and the PVK precursors model experiments were
conducted. The reactants in solution were mixed for 2 h at room temperature followed by removal of
the solvent in a vacuum oven at 60 °C. The solvents used for (A) and (B) were DMF/DMSO and
IPA, respectively. The mass ratios of each species were the same as used for device preparation. The
spectrum for HAP + Pbl, (Fig. S14A) shows that a new peak emerged at 525 cm™. This is attributed
to PO, interacting with Pb?* based on related studies'” *®. There is no evidence of an interaction of
FAI with HAP from Fig. S14B. It follows that there was an interaction between Pb?* and HAP via
the PO,* groups. This conclusion is consistent with the XPS data obtained for the broken cell

experiments (see Fig. S16).
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Fig. S14. FTIR spectra obtained from model experiments of (A) HAP mixed with Pbl, and (B) HAP
mixed with FAI. The spectra for each of the components are also shown. The arrow in the bottom

spectrum of (A) is a new peak.
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Proposed mechanism for PCE increase for PSCs prepared using HAP/TiO; scaffolds

The mechanism by which the PCE reaches a maximum for the 70% system (Fig. 3C) is discussed in
the following. The device parameters plotted in Fig. S10D — S10F show that the primary reason for
the high PCE is the increase in FF and, to a lesser extent, the V... Both of these parameters increase
as recombination decreases™. The SCLC data (Fig. S11C) show that the 70% HAP device had the
lowest trap density (Ng). This low value indicates minimal recombination occurred. This result is
attributed to two factors. (1) The 70% system has the largest grain size (754 nm) and hence the
lowest proportion of grain boundaries. (2) The 70% system had a near optimum Pbl,/FAPI ratio, and
hence residual Pbl,, based on the XRD profile (Fig. S8BA) compared to related high-performance
PVK films®. Residual Pbl, passivates PVK and reduces recombination®>*%. The charge extraction
for this system remained efficient because the insulating HAP in the mixed scaffold is dispersed
vertically within a percolating TiO, NP network enabling transport of photo-excited electrons from

the PVK to the bl-TiO, layer.

In contrast, the 100% HAP has a low PCE primarily due to a low FF and, to a lesser extent, due to a
low Vo (see Fig. S10E and S10F) This indicates that recombination was pronounced for this system.
It is proposed that recombination is favoured by less efficient charge extraction as a result of the

absence of the TiO, NP scaffold.
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Fig. S16. XPS data for HAP from the encapsulation (top) and scaffold (bottom) layers after

immersion of the one-point broken 70%Ey,-1 cell in water for 24 h (see Fig. 4).
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Table S1. Performance data for the perovskite solar cells.

Scan Jio 1

System Vo 2/ Volts FF¢/% PCE/ % Hie/®
direction (mA cm’®)

0% Forward 1.053 + 0.001 23.61 £ 0.34 67.76 £ 0.99 16.85£0.23 1.77
Reverse 1.053 £ 0.002 23.70 £ 0.40 68.78 £ 0.88 17.16 £0.38
Average 1.053 + 0.001 23.66 + 0.36 68.27 £ 1.05 17.01£0.34
Best 1.050 24.48 69.12 17.76

30% Forward 1.055 £ 0.003 24.60 £ 0.23 69.54 £ 0.38 18.05+£0.22 1.74
Reverse 1.056 £ 0.003 24.54 £ 0.20 70.86 £ 0.62 18.37 £0.25
Average 1.055 £ 0.003 2457 £0.21 70.20 £ 0.84 18.21 £0.28
Best 1.058 24.53 71.53 18.57

70% Forward 1.075 £ 0.003 23.53 £ 0.36 77.75£0.59 19.67 £0.39 2.18
Reverse 1.076 £ 0.002 23.80 £ 0.52 78.57+£1.11 20.11+£0.42
Average 1.075 £ 0.003 23.66 = 0.45 78.16 £0.73 19.89 £ 0.46
Best 1.076 24.73 78.85 20.98

100% Forward 0.974 = 0.020 23.55 £ 0.65 58.02 £1.10 13.30 £ 0.47 2.24
Reverse 0.982 = 0.005 23.71 £ 0.67 58.43+1.01 13.60 £ 041
Average 0.978 £ 0.015 23.63 £ 0.64 58.22 £1.04 13.45+£0.46
Best 0.985 24.70 58.15 14.15

70%E ' Forward 1.076 £0.013 23.23£0.45 72.06 £1.22 18.01 £0.42 2.70
Reverse 1.075 £ 0.005 23.58 £ 0.26 72.98 £ 0.41 18.51 £0.28
Average 1.076 £ 0.009 23.41£0.40 72.52 £1.00 18.26 £ 0.43
Best 1.065 23.99 73.15 18.70

2 Open circuit voltage. ° Short-circuit current density. © Fill factor. ® Power conversion efficiency.

¢ Hysteresis index = 100 X (PCErey — PCErwd)/PCERev , Where Rev and Fwd indicate reverse and

forward scans, respectively. " These devices had the architecture shown in Fig. 4A.
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