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Eppur non si muove: A critical evaluation of proton diffusion in halide perovskite single crystals
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By comparing the conversion of single crystals vs. microcrystalline samples, we conclude that proton diffusion in macroscopic single crystals is accelerated by the presence of defects acting as high-diffusivity paths.

 Based on this, the authors claim that other reports of ion diffusion in HOIP material should be re-examined to take into account the fast background diffusion of H + . Our attention thus turned to possible causes of the large discrepancy between the two reported values for the diffusion constant of H + in MAPI. We find that in the case of MAPI single crystals, the presence of high-diffusivity pathways can explain the larger diffusion constant.

 whereas the recent study is instead based on using NMR spectroscopy to quantify the total D content of individual, macroscopic crystals exposed to a fixed

concentration of D 2 O vapor. The experimental results can be fitted to a diffusion model for radial diffusion in a sphere suggested by Cahen et al. to be a good approximation for the crystalline particles. This is described by equation (1), which is the integrated form of the solution of the diffusion equation approximated using the Laplace transform.

𝑚(𝑡) = 𝑀 𝑀 𝑡𝑜𝑡𝑎𝑙 = 1 - 6 𝜋 2 ∑ 1 𝑛 2 𝑒 -𝐷 𝑛 2 𝜋 2 𝑅 2 𝑡 ∞ 𝑛=1 (1) 
Where m(t) is the fraction of total deuterium present at time t, M is the intensity of the signal for the deuterated species present, and R is the radius of the sphere approximating the lattice domain.

Herein, we demonstrate that the difference in the diffusion constants is compatible with the presence of dislocations, slip planes, and other defects in macroscopic crystals. Such defects are well known to provide high-diffusivity paths over which a diffusing species can move much faster with respect to the lattice as illustrated in Figure S1 comparing single crystals and polycrystalline solids. [START_REF] Mehrer | Diffusion in Solids[END_REF] Defects such as dislocations are not easily detectable by conventional optical or scanning electron microscopy unless using special etching or backscattering electron diffraction techniques and may therefore go unnoticed (see point 4 in SI). [START_REF] Sun | [END_REF] As it is clear from eq (1), experimental results do not yield values of D, but rather values of D/R 2 .

Because of this, the values of D obtained are particularly sensitive to the size of the domains over which diffusion is assumed to take place.

From eq(1), we can see that even defects separated by as much as 10 µm would be sufficient to significantly decrease the values of D determined by Cahen et al. (see points 1 and 2 in SI). The presence of defects is far from being unreasonable and dislocation densities of 10 5 cm -2 have been evidenced even in high-quality MAPbBr 3 crystals. [8] By comparison, MAPI crystals are known to be brittle, [9] often crumbling during manipulation or cleaving due to asymmetric internal stress that facilitates the propagation of cracks and dislocations in the crystals. [10] Our hypothesis can be tested by comparing crystals of different sizes. Indeed, we would expect that the proportion of deuterium incorporated by diffusion into MAPI crystals of different size would be identical since the effective domain size in the crystals is determined by the density of defects and not by their macroscopic dimensions. In Figure 1, we compare the fitting of Cahen et al.'s experimental data for MAPI macroscopic single crystals at 25°C to the model proposed by the authors and to a model in which all the samples arbitrarily possess the same size R = 3 µm. The former yields D = 3.0 x 10 -10 cm 2 s -1 ( 2 = 0.47) whereas the latter gives a value of D (1.5 x 10 -15 cm 2 s -1 ,  2 = 0.51) that is identical to our previously reported estimate. Because of the significant scatter in the experimental data points, the two scenarios are impossible to distinguish solely based on the statistical analysis of this dataset. In fact, the expected difference ∆m(t) is less than 1•, the standard deviation of the experimental results (see point 3 in SI). single crystals of MAPI. [1] A: Experimental data fitted assuming single crystals of different sizes as in ref [1] (D = 3.0 x 10 -10 cm 2 s -1 ,  2 = 0.47) and B: the same experimental data fitted assuming all crystals are identical in size with R = 3 µm (D = 1.5 x 10 -15 cm 2 s -1 ,  2 = 0.51).

See SI for in-depth statistical analysis of different models.

To further evidence the defect-limited domain size of the samples, we proceeded to prepare macroscopic crystals of MAPI as indicated by Cahen et al. According to their protocol, we selected crystals averaging 20 -30 mg in mass. The radius of a sphere representing the volume of each crystal (R) was determined from its mass using a density of 4.13 g cm -3 . [11] We then used FT-IR to measure the amount of deuterium incorporation after exposure to an environment with a fixed RH = 43% D 2 O. Compared to the NMR technique used by Cahen et al., which requires dissolution of the crystal and calibration using an internal standard, FT-IR rapidly discriminates and quantifies the methylammonium species present according to their degree of deuteration.

The results show that the measured conversion does not follow the relationship expected from eq(1) regarding the size of the crystals (Figure S3). Six crystals ranging in size from comparison was made between a single crystal with a diameter of 2.3 mm and a similar-sized crystal that was crushed to a powder to provide crystallites of which the largest were < 100 µm in size and most <50 µm (Figure 2 and Figure S2). Both samples were then sealed in a vial containing a sat. D 2 O solution of K 2 CO 3 . According to Cahen et al., we expect that after 24 h the large crystal will have exchanged 14.4% of the protons for deuterium, whereas the powdered sample will have exchanged > 99.99% of the protons. Experimentally, we find that at t = 24h the single crystal exchanged 11.6% of the protons whereas the powdered sample 43.8% (Figure 2A). The similarity in the conversion fraction that we obtain for the single crystal with that expected from the results of Cahen et al. The calculated conversion (m D ) vs. crystal size (R) at t = 24h is shown in Figure 2B for the two proposed values of D = 3.0 x 10 -10 and 1.5 x 10 -15 cm 2 s -1 . The graph can be used to read the lattice dimension that would be in agreement with the observed experimental conversion factor. We can thus conclude that the diffusion constant from Cahen et al. would be in agreement with the experimental result for the powdered sample if the latter contained crystallites with dimensions of 0.7 mm (R = 350 µm). This is clearly not possible since the avg. dimensions of the particles is ca. 30 µm and none are > 100 µm in size. Instead, our estimate of D = 1.5 x 10 -15 cm 2 s -1 indicates that the lattice domains in the large crystal are ca.

6.8 µm in size, which is commensurate with the reported density of dislocations recently determined for MAPbBr 3 crystals. [8] In the ground crystal, the lattice domain size is reduced roughly four-fold to 1.6 µm. This is entirely reasonable, as grinding is expected to increase the density of defects. We may also note that deviation between the shape of the particles in the powdered sample and the ideal, spherical geometry used in eq(1) would lead to increased conversion due to the sample's larger surface area and skew the results in favor of the higher value of D reported by Cahen et al. significant quantities of water being detected by IR in MAPI thin films at RH > 10%. [12] More recent investigations using grazing incidence small angle neutron scattering (GISANS)

instead show that at RH < 60%, water will only adsorb onto the crystals. [13] In agreement with the latter report, we did not observe the presence of significant quantities of interstitial water molecules by PM-IRRAS or by transmission absorption IR spectroscopy. [2] We therefore propose that, contrary to what is suggested, water does not activate diffusion by entering the crystal. Instead, the adsorbed water may enhance or activate the high-diffusivity pathways. In its absence, diffusion would only take place in the lattice, where it is significantly slower to the point of appearing negligible in the context of the authors' NMR experiments.

A final point of concern lies in the methodology used for the determination of the activation energy for the diffusion process, but this is likely to be secondary to the issues raised above. A saturated K 2 CO 3 solution is used to keep the relative humidity constant.

However, this does not ensure that the concentration of water in contact with the material will remain constant throughout the experiment. In fact, this is quite the contrary due to the relationship between RH, temperature, and water vapor concentration. It is argued that the crystal's ambient environment acts as a water reservoir with a higher diffusion constant than the HOIP. While this is correct, the concentration of water will nonetheless appear in the rate equation of the rate-determining step since it is the source of the species being exchanged. [2] The variation of [H 2 O] with temperature at constant RH = 43% is over two orders of magnitude and is of the same order of magnitude as the observed variation in D over the same temperature range.

Conclusion

Both ours and Cahen et al.'s experimental results are consistent with the presence of high diffusivity paths in the macroscopic crystals. These paths are the result of defects in the crystal structure that may undergo hydration like the rest of the HOIP surface and accelerate the diffusion of protons inside the crystal. This hypothesis rationalizes the 2 x 10 5 -fold difference between the proton diffusion reported by Cahen et al. and our own, and may also explain the action of adsorbed water molecules in activating high-diffusivity pathways for protons. Therefore, we suggest that the value of D = 1.5 x 10 -15 cm 2 s -1 we previously reported is compatible with the experimental observations. The density of defects in MAPbBr 3 single crystals reported by Amari et al. [8] further suggests that high diffusivity pathways may also contribute to the large value of D reported for this system as well.

Experimental Section

Methylammonium lead triiodide single crystals were grown from a solution of CH 3 NH 3 I (1M)

and PbI 2 (1M) in -butyrolactone as described in ref. [1] The crystals were collected by gravity filtration, washed with a small volume of -butyrolactone, and air-dried protected from light.

The crystals were selected based on size and placed individually in 2 mL open vials that were sealed in 25 mL vial containing 3 mL of a D 2 O solution of sat. K 2 CO 3 to maintain the relative humidity constant at 43%. After incubation for 24 h protected from light, the crystals were rapidly crushed with a spatula and immediately analyzed by FT-IR using a Ge ATR accessory.

The assignment of the characteristic vibrations of the MA + fragment was reported previously. [2] The values of m D were determined by summing the relative intensity of the signals for each species weighted according to their D content.

We analyze the > 10 5 discrepancy between recent reports of proton diffusion constants in halide perovskites and find that the lower value is correct. Results obtained on single crystals should be corrected for the presence of defects that accelerate diffusion. 
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 1 Figure 1. Variation of the conversion factor m(t) vs. t/R 2 from Cahen et al. for millimeter-size

2 .

 2 44 to 1.34 mm in diameter gave similar values of m D after 24h incubation under the same conditions as reported by Cahen et al. (𝑚 D ̅̅̅̅ = 0.11,  = 0.022). To better illustrate our point, a
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 11 6% vs. 14.4%, respectively) is an indication that the crystals used here possess similar diffusion properties in terms of crystallinity and defect density as those used by Cahen et al. Clearly though, the discrepancy between the expected and experimental value for the powdered sample (>99% vs. 43.8%, respectively) indicates that there is an inaccuracy in the value of R used in Cahen et al.'s calculation since both samples were incubated for the same t. Control experiments showed that the powdered sample did not undergo significant conversion back to the starting composition during the sample handling and measurement time (< 5 min).

Figure 2 .

 2 Figure 2. Top: The effect of sample size on proton diffusion was probed by comparing the proportion of D + incorporated in a single crystal vs. a crushed crystalline sample when both are exposed to 43% RH of D 2 O for 24 h. Bottom: The amount of D + that diffused into each sample was determined by FT-IR using a Ge ATR accessory. (A): pristine sample (black line); 2.3-mm crystal (red line); powdered crystalline sample (blue line). Spectra shown are uncorrected for the wavelength-dependence of the penetration depth. (B): Plot of the calculated conversion factor for total deuterium incorporation (m D ) vs. lattice size (R) inMAPI samples after 24 h assuming D = 1.5 x 10 -15 cm 2 s -1 (solid line) or D = 3.0 x 10 -10 cm 2 s - 1 (dashed black line). Dashed colored lines are a guide for the eye showing calculated lattice sizes for samples undergoing 11.6% (red) or 43.8% (blue) conversion as experimentally determined on a 2.3-mm crystal or powder, respectively, and corrected for the wavelengthdependence of the penetration depth.
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