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Enhanced UV Light-Emission of Zinc-Phosphate-Hydrate
Hydrothermally-Grown on Cu Metal Substrates for

Opto-Electronic Applications

Yuting Spiegelhoff, Filip Zemajtis, Elaheh Kheirandish, Olivier Grauby, Daniel Ferry,
Roland J.-M. Pelleng, Konstantin Sobolev, and Nikolai Kouklin*

In the present study, polycrystalline films of layered zinc phosphate hydrate
are produced by a facile, low-temperature single-step hydrothermal fabrication
method on top of Cu metal substrates. Despite containing structural water,
the as-grown films remain crystalline, chemically stable, and electrically
conductive. The photoluminescence spectrum obtained at room-temperature
reveals the presence of a spectrally narrow, high-intensity ultraviolet band that
consists of two Gaussian peaks at %377 and 383 nm and a UV-to-visible peak
emission intensity ratio of ~5.3. The electrical charge-transport properties
remain Ohmic for electric fields of up to ~2 kV m~" and temperature (T)
range of ~223-368 K. The electrical conductivity is further found to vary
exponentially with the inverse temperature, and the thermal activation energy,
E, is 285 + 8 meV. A moderate UV-vis photoconduction effect is registered
and assigned to light-assisted electronic transitions that involve near-band
edge defect states. This study can potentially open a door to the engineering
and deployment of water-based compounds with advanced,
semiconducting-like attributes in short-wavelength opto-electronic devices.

photonics, optoelectronics, plasmonics,
biosensing, and medical diagnostics.l'=¢!
The PL emission spectra are generally
known to vary with chemical compo-
sition, crystal structure, defects, phys-
ical state parameters such as temper-
ature and pressure, as well as crys-
tal sizes and morphologies.”8! Apart
from quantum confinement effects, the
use of metallic plasmonic nanostructures
was actively pursued to achieve strongly-
amplified room-temperature (RT) light
emission from organic and inorganic
materials, including phosphates. Saad
et al,, for instance, studied Ag nanopar-
ticles (Ag-NPs) induced luminescence
enhancement of Eu’*-doped-phosphate
glasses. The obtained absorption spec-
tra revealed a surface plasmon resonance
band of Ag-NPsl®l and the luminescence

1. Introduction

Photoluminescence (PL) enhancement and related development
of low-cost, strongly UV-light emitting materials are of cen-
tral importance to advancing many research fields, such as

enhancement properties of Eu**-doped-

phosphate glass containing Ag-NPs were
shown to depend not only on the NPs to Eu** ions energy trans-
fer but also on NPs surface plasmon resonance. Park et al. [1%
also showed that plasmonic nanostructures can control and im-
prove PL yields through localized surface plasmon resonance
that results from the interaction between light and metallic
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Figure 1. XRD diffractogram of a multilayer film of Zn;(PO,),+4H,0
(phase A, pink), Zn; (PO,),+2H,0O (phase B, blue), and Zn,P,0; (phase
C, green) grown on a Cu substrate. The Miller indices of the peaks cor-
responding to the three identified phases A, B, C are indicated, and the
main sum peaks are labeled with the phases from which they originate. A
colored collared reference spectrum of each phase is indicated by vertical
marks at the bottom.

TITTITT[TITT[TT TT

nanostructures. Rashed et al. [l studied a hybrid plasmonic sys-
tem to elucidate the mechanisms governing the luminescent (flu-
orescent) enhancement process using an antenna effect. Plas-
monic nano-disks of various diameters were chosen as receiver
and transmitter nano-antennas to effect stronger photolumines-
cence of adsorbed dye molecules. The enhancement of the spon-
taneous emission rate was claimed to arise from the superposi-
tion of three contributions: (i) metal-enhanced fluorescence, (ii)
metal-enhanced excitation, and (iii) plasmon-modulated photo-
luminescence of the photoexcited nanostructures. Overall, the
observed strong emission is attributed to the bi-directional near-
field coupling of the fluorescent dye molecules to the localized
plasmonic field of nano-antennas.

Among different classes of solids, wide-bandgap compounds
remain the most technologically important for the development
of compact, short-wavelength, high-power-density light sources
and detectors.['2"15] Yet, electronic-grade materials and their het-
erojunctions, as a rule, are produced under high vacuum in high-
cost Molecular Beam Epitaxy (MBE) and Chemical Vapor Deposi-
tion (CVD) reactors. The MBE growth remains slow and is done
on small-area single-crystal substrates. CVD techniques, on the
other hand, demonstrate orders of magnitude larger through-
put and are widely used by the semiconductor-device industry
to fabricate integrated circuits, solar cells, heterojunctions, and
optical coatings.['*1] As a trade-off, the CVD-synthesized struc-
tures tend to be polycrystalline and, therefore, suffer from such
detrimental effects as Fermi-level pinning, reduced charge car-
rier mobility, and an increased role of defect-assisted nonradia-
tive recombinations.

In this study, we have applied a facile single-step hydrother-
mal fabrication method to produce opto-electronic-grade, layered
zinc phosphate hydrate Zn,(PO,),*4H,0 films onto Cu metal
substrates. ZnO nanoparticle powders dissolved in phosphoric
acid served as the only growth precursors. Despite featuring
structural water content, these hydrate films are confirmed to be
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mechanically and chemically robust. The samples also demon-
strate a spectrally narrow room-temperature (RT) UV lumines-
cence band fitted with two Gaussian peaks centered at ~377
and 383 nm. The charge transport was assessed by performing
current-voltage (I-V) measurements, and I-Vs were found to be
Ohmic, with the electrical conductivity rising exponentially in the
temperature range of ~223 to 368 K. Below, we also present and
discuss the structural, elemental, transport, and light-emission
characteristics obtained by carrying out scanning electron mi-
croscopy (SEM), Energy dispersive X-ray (EDX), X-ray Diffrac-
tion (XRD), Transmission electron microscopy (TEM), PL, and
PL-excitation (PLE) measurements.

2. Results and Discussion

2.1. Hydrothermal Fabrication

A ~99% pure, 25 x 25 mm Cu foil tile supplied by SpeedyMetals
was used as a growth substrate. Prior to deposition, the surface of
the Cu substrate was sandblasted, ultrasonically cleaned, and air-
dried. The precursor-containing solution was prepared by adding
~99% pure ZnO nanoparticle powder obtained from Sigma—
Aldrich to a ~85% phosphoric acid-water bath with weight ra-
tios of oxide-to-acid and water-to-acid of ~0.4 and 6.0, respec-
tively. The suspension was continuously agitated on a hotplate for
~15 mins to allow for a full dissolution of the ZnO nanoparticle
solid phase.

The multilayer films were grown onto prepared coupons as
follows. The first two layers were grown by drop-casting and spin-
coating the solution for 15 s at 1500 RPM speed. The samples
were next placed in the oven at ~105 °C and allowed to dry in
the open air for ~15 mins. A final third layer was spin-coated for
~15 s using the same speed but followed by ~1-h sintering at
~250 °C.

2.2. Characterization Methods

To identify the crystalline phases present and to probe the crys-
tal quality of the multilayer-grown film, XRD measurements
were carried out first. For these powders were prepared by
scraping off, mechanically reducing by grinding, and finally
placing the powders into a glass capillary. The XRD appara-
tus comprised a high-gloss rotating Cu anode (Rigaku RU-
200BH) emitting Cu-K, radiation (4 = 1.5418 A), focusing op-
tics (OSMIC) and planar image-type detector (Mar 345). The
scattering intensities were acquired for an angular range of
9° <20 <£62°.

The elemental composition was done on scrapped-off pieces
of the film that were ultrasonically dispersed in distilled wa-
ter and drop-cast onto a metal TEM grid. The EDX spec-
tra were collected with a Jeol JEM-2011 TEM, operating at
~200 keV and equipped with a silicon drift XFlash 5030 de-
tector supplied by Bruker. The electron current density was
~63 pA cm~2. The electron-selected area diffraction patterns
could not be obtained reliably due to a partial loss of the struc-
tural integrity of the samples imaged with a high-energy electron
beam. To quantify the elemental atomic compositions and for sto-
ichiometric assessments, we used a Bruker AXS TEM software
package.
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Figure 2. a) SEM image of the grown zinc phosphate film. (b-f) Elemental maps of zinc phosphate film: Zn (blue), O (red), P(green), Zn+O+P and
chemical phase mapping of hydrated phase P1 {Zn; (PO,),+4H,0 and/or Zn; (PO,),+2H,0} and pyrophosphate phase P2 (Zn,P,0;).

SEM images and 2D elemental chemical maps were collected
with the help of a Jeol JSM-7900F microscope operating at a top-
view mode and a low accelerating bias of ~5 keV.

The PL and PLE spectroscopic measurements were done by
exciting samples with a spectrally filtered light generated by a
Xenon lamp (optical power density of ~5 mW cm~2). All emis-
sion spectra were collected with an Olympus 51X microscope and
dispersed by a second double-grating monochromator. A photo-
multiplier tube operating in a photon counting mode served as
a detector. The instrument resolution was limited to ~#1 nm, and
the spectral acquisition range was ~350-680 nm.

Temperature-dependent charge-transport and wavelength-
dependent photo-current measurements were carried out with
the help of a computer-controlled Keithley-236 source-measure
unit. Two-terminal measurements were done by depositing the
samples on Cu-Zn electrodes, and cycling the electrical bias from
—0.6t0 0.6 V. INSTEC temperature-controlled stage was used for
T-dependent [-V acquisitions.

Adv. Electron. Mater. 2023, 2300272 2300272 (3 of 7)

2.3. Experimental Results and Analysis

A characteristic XRD spectrum is presented in Figure 1 and con-
sists of an array of individual peaks in confirmation that the
films remain polycrystalline. Using X'Pert High Score software,
three distinct crystalline phases were detected and assigned to
Zn,(PO,),*4H,0 (hopeite), Zn,(PO,),*2H,0 (partially hydrated
hopeite), and Zn,P,0, (pyrophosphate). A complete list of the
XRD reflections, Miller indices, and relative intensities is given
for each phase in the supplementary information. The XRD
peaks of ZnO crystalline phases were not detected.

According to a top-view SEM image of the substrate-attached
structures, Figure 2 a, the film comprises aggregates of highly
flattened automorphic and prismatic crystals with the lateral di-
mensions ranging from ~10 to 100 um.

The prismatic morphology of the crystals appears very similar
to that of the hopeite reported by Milnes.[?) The elemental
compositions of Zn,(PO,),*2H,0 and Zn,(PO,),*4H,0 differ
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Figure 3. EDX spectrum of prismatic crystals made of Zn, P, and O. Cu
signal is to originate from the TEM grid, growth substrate, and the film
itself. The inset shows a TEM image of the flattened prismatic crystal of
zinc phosphate hydrate, confirming its lamellar structure.

very slightly, and the two hopeite phases remain morphologically
similar which make them SEM-indistinguishable. The results
of the elemental analysis show that the prismatic crystals are
made of elemental Zn, P, and O. In line with SEM, the EDX
does not allow us to differentiate between Zn, (PO,),+2H,0 and
Zn; (PO,),*4H,0 phases. 2D EDX elemental phase maps are
shown in Figure 2b—f, which confirms that the automorphic
crystals are embedded in the matrix composed of Zn, P, and O.
Composition-wise, the prismatic phase is found to be made from
~55%-60% of [Zn+O] and ~40%-45% of [2P,50] elemental
stochiometric combinations. On the other hand, the chemical
composition of the prevailing phase is x66% of [Zn+O] and
~34% of [2P +50] According to Panache et al,?!l the chemical
composition of hopeite Zn, (PO,),*4H,0 is %63% of [Zn+0]
and ~37% of [2P+50] while that of Zn,P,0, is #67% of [Zn+O]
and ~34% of [2P+50]. The crystal structure of Zn; (PO,),+2H,0
is not fully characterized to date

Based on the SEM-EDX data, we conclude that the pris-
matic phase consists of crystalline Zn,(PO,),*4H,0 and/or
Zn,(PO,),*2H,0, and the remaining phase is likely to be
Zn,P,0,. These results are generally in agreement with the XRD
data presented in Figure 1. A low-resolution TEM image is fur-
ther provided in Figure 3, the inset, and reveals the presence of
lamellar crystals, with an interplanar distance of ~20 nm. Its
EDX spectrum is shown in Figure 5, and the chemical com-
position is found to closely match that of the hopeite but not
Zn,P,0,. Herschke et al.l*?! pointed out that the water molecules
that are present in zinc phosphates help promote stable 3D archi-
tecture/morphology of the films.

Light emission characteristics of the samples were assessed
by carrying out RT PL and PLE spectroscopic measurements.
The resultant PL spectrum, Figure 4 a is dominated by a spec-
trally sharp, high-intensity UV band and visible-range broad, low-
intensity bands with peaks at ~378 and 495 nm, respectively. Both
PL bands exhibit asymmetric right shoulder broadenings, and
the spectrum can be fitted with four stand-alone Gaussian peaks
at ~377, 383, 482, and 508 nm,
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Figure 4a. The RT PLE spectrum was further obtained by col-
lecting PL at ~495 nm, Figure 4a, the inset. Gaussian spectral
decomposition reveals the presence of five individual PLE bands
centered at ~303, 326, 357, 372, and 392 nm. The ~303 and
326 nm PLE bands also appear in the PLE spectrum collected
at ~378 nm. The PL emission at ~#495 nm is primarily excited
in the ~340-400 nm spectral range, and two much weaker ~303
and 326 nm PLE bands stem from the re-absorption of UV light
generated at ~378 nm. As we use ZnO nanoparticle precursor,
it is tempting, yet incorrect, to assign the PL emission to ZnO,
as no crystalline ZnO was confirmed for our samples (see prior
discussed XRD, EDX, and TEM data). Furthermore, according
to Figure 4 a, the inset, the PLE-value of the band gap, E, is ex-
trapolated to be ~2.83 eV at 300 K. The E, can approach a low
limit of ~2.8 eV in a highly disordered ZnO, in which, however,
the excitonic PL is to be heavily suppressed in favor of a defect-
assisted PL.[** Thus, once again confirming that UV emission
cannot originate from ZnO in our case. Likewise, the PL spec-
trum of Zn, P, 0, comprises a very weak, broad PL band centered
at #450 nm, we equally rule out Zn,P,0, as a source of the ob-
served UV PL.[24]

According to the optical absorption studies done before on
zinc-phosphate glasses,””! the RT band gap, E, is reportedly
~3.39-3.68 eV. PLE findings point to the existence of two sep-
arate excitation-emission pathways for UV and visible-range PL,
Figure 4b the left and right schematics. This can be explained by
the presence of two indistinguishable crystalline sub-phases, as
identified earlier. The PLE-obtained E, of ~2.83 is attributed to a
weaker, visible-range emitting more disordered sub-phase of the
zinc phosphate hydrate. The formation of the band-edge defect
states is a known reason behind a reduced band gap of polycrys-
talline materials.

It needs to be mentioned that a strong UV PL was only reg-
istered in the films grown on Cu but not on stainless-steel sub-
strates, with the latter promoting the formation of structurally-
different hopeite films (XRD data, not shown). The enhanced
emission can be due to an interplay of several factors: (i) a larger
rate of excitation, (II) a larger rate of emission, or (III) an in-
creased percentage of emitting versus nonemitting phase. Ex-
posure of Cu substrates to acidic baths can also lead to un-
intentional assimilation of EDX-undetectable Cu traces within
the films; the former could act as PL amplification centers, as
discussed above. Likewise, local field amplification effects in-
voked by a multilayer structure, dielectric interfaces, and highly
polarizable intermediate such as water can also strongly in-
fluence spontaneous emission rates. (2621 However, additional
work will be required to fully elucidate the contribution of
the above-mentioned mechanisms to the light emission of our
samples.

We finally discuss the results of temperature-dependent
charge-transport and wavelength-dependent photo-current
measurements as they are to provide further insights into the
electronic properties and charge carrier behavior of the samples.
According to Figure 5, the [-Vs remain Ohmic/nonrectifying
in the temperature range of ~223-358 K and for electric field
strengths of up to ~2 kV m~'. Thus, current-limiting Schottky
barriers and band offsets known to form at the contacts and
interfaces made by different crystalline phases must be ruled
out as playing any significant role. Notably, no current hysteresis
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Figure 4. a) RT PL spectrum (black) excited at #320 nm and Gaussian fitted with 4 peaks at ~377, 383, 482, and 508m; the inset shows PLE spec-
trum (495 nm) with five peaks obtained by Gaussian fitting (not shown): 303, 326, 357, 372, and 392 nm. The band edge is extrapolated to ~2.83 eV.
b) Schematics of the dominant electronic excitation-emission (red-blue and red-green) transitions underlying the UV and visible RT PL, as discussed in

the text, after RT-PL and PLE data.
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Figure 5. Current-voltage characteristics of the films obtained at varying T of #223-358 K. The inset shows conductance versus T plot, and the data were
fitted with Arrhenius expression yielding E, of 285+8 meV. The plot of intensity-normalized differential conductance versus light wavelength obtained at

~0V is shown in the lower left inset.

(charge polarization effects) due to the transient nature of the
electrical bias is observed.

A zero bias differential conductance, G, was additionally ob-
tained and is found to increase nonlinearly with T, Figure 5,
the left inset. As In(G) versus 1/T plot can be well fitted with
a line, the conductivity dependence of T is confirmed to be of
the Arrhenius-type. The data fitting with the Arrhenius expres-
sion yields an activation energy, E,, of 285 + 8 meV. This points
to the existence of near band-edge defect states (band-to-defect
state electronic transitions) that are to act as a primary source
of the free charge carriers in the temperature range of ~223-
358 K. The plot of the intensity-normalized G as a function of
light wavelength was obtained in the spectral range of ~240-
600 nm, Figure 5, the right low inset. While rising in the ~240-
520 nm range, G undergoes a strong decline starting at 520 nm.
The onset coincides with the defect excitation energy of 2.4 eV,
Figure 4b indicating the defect states that induce visible-range
emission are also behind the photo-conduction effect. While
ionic conductivity cannot be entirely ruled out, the results point
to the charge transport, i.e., electrical drift primarily taking on
the electronic rather than ionic origin; the latter is more typical
of the phosphate glasses containing alkali impurities.**! The ob-
served positive photoconduction effect can be understood as fol-
lows. Under illumination, the empty defect states are to be re-
populated forcing the quasi-Fermi level to upshift. In turn, the
free charge carrier density increases in the conduction band, and
the electrical conductivity rises. Under this indirect excitation sce-
nario, the photoconduction effect is expected to be relatively mod-
erate, in line with the experimental findings.

Adv. Electron. Mater. 2023, 2300272 2300272 (6 of 7)

3. Conclusion

A one-step, low-temperature hydrothermal growth technique
was used to produce crystalline films in Zn,(PO,),*4H,0/
Z1n,(PO,),*2H,0 on top of Cu metal substrates. While the films
incorporate water as a part of their structure, they remain me-
chanically robust and chemically stable. The films exhibit Ohmic
I-Vs and electronic semiconductor-like charge transport char-
acteristics. The RT photoluminescence remains unexpectedly
strong, and the spectrum is dominated by two UV-Gaussian
peaks at ~#377 and 383 nm. The electrical conductivity is found
to remain thermally activated for T >283 K with the activation
energy of ~285 meV. A moderate RT UV-vis photoconduction ef-
fect is observed and attributed to the light-assited electronic tran-
sitions involving defect states. The study opens a door to a facile
bottom-up synthesis of hydrated- solids for potential application
in low-cost solid-state short-wavelength light sources and light
sensors.
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SUPPLEMENTARY INFORMATION.

Miller indices Interplanar Scattering  Relative

distance angle intensity

h k| d(A) 284 (deg) 1 (%)

0 2 0 9.16000 9.655 55.0
2 0 0 5.31100 16.692 17.0
2 1 0 5.09500 17.405 25.0
0 1 1 4.85500 18.273 30.0
0 4 0 4.57600 19.397 55.0
1 1 1 4.41400 20.116 35.0
1 2 1 4.07200 21.826 7.0
2 3 0 4.00500 22.196 20.0
0 3 1 3.88000 22.920 14.0
2 0 1 3.64800 24.400 9.0
2 4 0 3.46800 25.687 30.0
2 2 1 3.39100 26.281 40.0
1 4 1 3.22500 27.660 1.0
2 3 1 3.13400 28.479 9.0
0 6 0 3.05300 29.252 1.0
2 5 0 3.01500 29.629 4.0
0 5 1 2.96300 30.161 8.0
3 1 1 2.85500 31.331 100.0
3 2 1 2.76000 32.438 3.0
4 0 0 2.65200 33.798 19.0
3 3 1 2.61400 34.305 25.0
2 5 1 2.58500 34.702 3.0
4 2 0 2.54800 35.222 15.0
1 6 1 2.53500 35.408 11.0
0 0 2 2.51500 35.699 15.0
1 0 2 2.44500 36.757 3.0
1 1 2 2.42600 37.056 10.0
2 6 1 2.34200 38.436 7.0
0 7 1 2.32100 38.798 1.0
0 8 0 2.28800 39.380 7.0
1 3 2 2.27100 39.687 15.0
1 7 1 2.26800 39.742 13.0
2 2 2 2.20600 40.908 4.0
4 3 1 2.19000 41.221 2.0
1 4 2 2.15800 41.860 7.0
4 5 0 2.14800 42.064 3.0
2 3 2 2.13000 42.437 1.0
2 8 0 2.10000 43.073 11.0
3 1 2 2.03800 44.452 3.0
4 6 0 2.00200 45.296 16.0
4 5 1 1.97700 45,901 2.0
3 7 1 1.94000 46.828 25.0
5 2 1 1.91110 47.579 2.0
2 9 0 1.89940 47.891 1.0
3 4 2 1.87150 48.650 1.0
4 7 0 1.86180 48.920 2.0
4 0 2 1.82470 49.983 15.0
5 4 1 1.79850 50.762 1.0
4 2 2 1.78960 51.032 1.0
2 9 1 1.77720 51.414 3.0
6 2 0 1.73610 52.724 5.0
2 10 0 1.73060 52.905 4.0



5 5 1 1.72520 53.083 3.0
3 6 2 1.70140 53.885 2.0
4 4 2 1.69530 54.095 6.0
1 8 2 1.67190 54.915 6.0
3 9 1 1.66460 55.176 5.0
2 10 1 1.63700 56.188 5.0
1 2 3 1.62980 56.459 3.0
0 3 3 1.61690 56.950 3.0
4 9 0 1.61430 57.050 4.0
5 2 2 1.59740 57.710 4.0
2 1 3 1.59310 57.881 4.0
2 2 3 1.57550 58.590 1.0
5 3 2 1.56720 58.931 10.0
1 11 1 1.56330 59.092 9.0
6 6 0 1.52950 60.533 9.0
0 12 0 1.52540 60.713 10.0
2 9 2 1.51610 61.125 3.0
2 4 3 1.50920 61.434 10.0
4 10 0 1.50680 61.543 7.0

Table S1. XRD reflections of Zn;(PO,4)-4H,0 (hopeite) from ref [1]. Miller indices and scattering angle
values appearing in pink correspond to the (collared) reference pattern shown in Figure 1.

Miller indices  |Merplanar - Scattering  Relative

distance angle intensity

h k| d(A) 284 (deg) 1 (%)

0 0 4 7.82330 11.310 60.0
2 0 0 5.21320 17.008 15.0
0 1 2 4.78700 18.535 15.0
1 1 -1 4.49850 19.735 3.0
1 1 -2 4.36500 20.345 3.0
2 0 4 4.25830 20.860 40.0
1 1 -3 4.17970 21.257 3.0
0 0 8 3.92560 22.650 30.0
0 1 6 3.62460 24.560 30.0
2 1 -2 3.55260 25.065 5.0
2 1 2 3.50620 25.403 25.0
1 1 6 3.39860 26.221 1.0
2 0 -8 3.20370 27.847 80.0
2 0 8 3.07200 29.067 10.0
2 1 -6 3.02160 29.563 80.0
2 1 6 2.93880 30.415 100.0
3 1 -1 2.85790 31.298 1.0
3 1 -2 2.83340 31.576 1.0
3 1 -3 2.78440 32.146 1.0
1 1 9 2.74530 32.617 1.0
3 1 3 2.73030 32.801 1.0
4 0 0 2.61080 34.348 60.0
3 1 5 2.56870 34.929 3.0
0 2 0 2.51790 35.657 80.0
4 0 -4 2.50940 35.782 10.0
3 1 6 2.47660 36.272 1.0
4 0 4 2.44590 36.743 15.0
2 1 -10 2.40890 37.328 2.0
0 2 4 2.39750 37.513 60.0
2 0 -12 2.37610 37.863 1.0



2 0 12 2.29820 39.198 1.0
2 2 0 2.26900 39.724 2.0
2 2 -4 2.18970 41.226 15.0
2 2 4 2.16830 41.652 2.0
4 0 8 2.13070 42.422 1.0
4 1 6 2.08960 43.298 5.0
0 0 16 1.96350 46.235 5.0
2 1 -14 1.93370 46.990 20.0
4 0 -12 1.89000 48.144 4.0
0 2 12 1.81320 50.322 80.0
2 2 12 1.73030 52.914 4.0
6 0 -4 1.71570 53.400 10.0
2 2 12 1.69810 53.998 10.0
6 0 4 1.68360 54.502 1.0
-4 2 8 1.66510 55.159 10.0
1 3 1 1.65340 55.582 1.0
1 3 2 1.64540 55.876 5.0
4 2 8 1.62790 56.531 10.0
-6 0 8 1.61720 56.939 1.0
1 3 -5 1.60560 57.388 1.0
0 3 6 1.59760 57.702 1.0
2 3 2 1.58890 58.048 10.0
1 3 -6 1.58190 58.330 1.0
0 0 20 1.56920 58.848 5.0
6 1 6 1.55200 59.566 10.0
2 3 -6 1.53430 60.324 5.0
2 3 6 1.52310 60.814 8.0
1 3 -9 1.50110 61.802 5.0

Table S2. XRD reflections of Zn3(POy4),-2H,0 from ref [2]. Miller indices and scattering angle values
appearing in blue correspond to the (collared) reference pattern shown in Figure 1.

Miller indices Interplanar Scattering Relative

distance angle intensity
h k| dA) 264 (deg) 1(%)
0 2 0 6.67926 13.255 1.0
0 2 1 6.19265 14.302 8.0
0 2 2 5.18962 17.085 18.0
1 0 0 4.95578 17.898 3.0
1 1 0 4.64510 19.106 22.0
1 0 2 4.24554 20.923 21.0
0 0 4 412332 21.551 1.0
1 1 2 4.04665 21.964 7.0
1 2 0 3.97740 22.352 100.0
1 2 1 3.86686 22.999 4.0
1 1 3 3.54681 25.107 29.0
0 2 4 3.50802 25.389 1.0
0 4 0 3.33364 26.741 2.0
1 3 0 3.30752 26.956 11.0
1 3 1 3.24326 27.501 14.0
1 2 3 3.21971 27.706 11.0
1 0 4 3.16702 28.176 1.0
1 1 4 3.08172 28.973 48.0
1 3 2 3.06907 29.095 10.0
0 2 5 2.95380 30.257 1.0
1 2 4 2.86201 31.252 3.0



0 4 3 2.85017 31.385 19.0
1 4 0 2.76559 32.371 3.0
1 4 1 2.72672 32.845 1.0
1 1 5 2.68733 33.341 1.0
1 4 2 2.62134 34.206 21.0
0 4 4 2.59149 34.612 11.0
0 2 6 2.53930 35.346 26.0
2 0 0 2.47494 36.297 3.0
1 4 3 2.46954 36.379 19.0
2 1 0 2.43316 36.943 4.0
2 1 1 2.40712 37.357 4.0
1 0 6 2.40184 37.442 8.0
2 0 2 2.37070 37.953 1.0
1 1 6 2.36296 38.082 1.0
1 5 0 2.34723 38.347 6.0
1 3 5 2.33358 38.580 3.0
1 5 1 2.32407 38.744 2.0
2 2 0 2.32009 38.813 4.0
2 2 1 2.29620 39.234 1.0
1 2 6 2.25892 39.908 2.0
2 2 2 2.23374 40.378 1.0
2 1 3 2.22513 40.541 11.0
0 2 7 2.22014 40.636 1.0
2 3 0 2.16191 41.781 6.0
2 3 1 2.14435 42.139 3.0
2 2 3 2.13868 42.256 1.0
1 4 5 2.11768 42.696 6.0
1 3 6 2.11239 42.808 28.0
1 1 7 2.10014 43.070 1.0
2 1 4 2.09522 43.176 5.0
0 6 3 2.05976 43.958 5.0
1 5 4 2.03939 44.420 8.0
2 2 4 2.02133 44.839 2.0
1 6 1 2.01145 45.071 2.0
2 4 0 1.98692 45.659 3.0

Table S3. XRD reflections of Zn,P,0- from ref [3]. Miller indices and scattering angle values appearing in
green correspond to the (collared) reference pattern shown in Figure 1.
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