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[bookmark: _Toc57661691]1. Grazing Incidence X-ray Diffraction (GIXRD) of as-deposited Pd disks
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Supplementary Figure 1. XRD pattern of as-deposited Pd nanodisks, which reveals average crystallite size of 10 ± 2 nm.

[bookmark: _Toc57661692]2. Vacuum setup schematics
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Supplementary Figure 2. Schematics of the vacuum setup used in the experiments. A customized Linkam temperature-controlled vacuum chamber was positioned on a motorized stage on the upright optical microscope.
[bookmark: _Toc57661693]3. Extraction procedure for t50
In order to extract t50 of the signal we used a function for mid-reference level crossing for bilevel waveform (SI Fig. 3).
[image: ]
Supplementary Figure 3. Example of a H2 absorption trace, where the Matlab “midcross” function is used to extract t50 (cross outlined with red circle). The vertical line indicates time stamp for introduction of H2.


[bookmark: _Toc57661694]4. Measurement scheme for mixed T-sweep
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Supplementary Figure 4. Order in which measurements of t50 both for H2 absorption and desorption were performed for “mixed T-sweep” samples. The results of the first three subsequent measurement points at 303 K are shown in Figure 1 in the main text. 
[bookmark: _Toc57661695]5. t50 vs. T plots fitted with NLLS

[image: ]

Supplementary Figure 5. t50 vs. T plot (crosses) for 24 single Pd particles from 1st to 5th T-sweep (left to right, with mixed T-sweep according to SI Fig. 4) fitted with non-linear least squares regression (NLLS) for each individual particle (colored lines). The upper and lower panels correspond to absorption and desorption respectively.

[bookmark: _Toc57661696]6. Arrhenius plots fitted with LLS
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Supplementary Figure 6. Arrhenius plots for 24 particles (shades of green lines) from 1st to 5th T-sweep (left to right, with T-sweep direction according to SI Fig. 4) constructed from Arrhenius parameters by fitting least squares linear regression to experimental values of ln t50 versus the inverse temperature. For clarity at each temperature the average < ln t50 > taken over all measured 24 particles is subtracted from the individual ln t50. The upper and lower panels correspond to absorption and desorption data respectively. The brown rectangle indicates the experimental T range. Vertical lines indicate Tmin (solid) and Tisokin (dashed) according to analysis by Griessen et al.5 
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Supplementary Figure 7. Arrhenius plots for 180 particles (shades of red lines) from 1st to 7th T-sweep up (left to right) constructed from Arrhenius parameters by fitting least squares linear regression to experimental values of ln t50 versus the inverse temperature. For clarity at each temperature the average < ln t50 > taken over all measured 180 particles is subtracted from the individual ln t50. The upper and lower panels correspond to absorption and desorption data respectively. The brown rectangle indicates the experimental T range. Vertical lines indicate Tmin (solid) and Tisokin (dashed) according to analysis by Griessen et al.5 
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Supplementary Figure 8. Arrhenius plots for 180 particles (shades of blue lines) from 1st to 5th T-sweep down (left to right) constructed from Arrhenius parameters by fitting least squares linear regression to experimental values of ln t50 versus the inverse temperature. For clarity at each temperature the average < ln t50 > taken over all measured 180 particles is subtracted from the individual ln t50. The upper and lower panels correspond to absorption and desorption data respectively. The brown rectangle indicates the experimental T range. Vertical lines indicate Tmin (solid) and Tisokin (dashed) according to analysis by Griessen et al.5 
[bookmark: _Toc57661697]7. Arrhenius parameters extracted with LLS and NLLS methods
Data were analysed with both linear (LLS) and nonlinear least squares regression (NLLS) methods in order to see whether there are significant differences between the results1. In our case, both methods result in similar trends (SI Fig. 9), however the goodness-of-fit statistics are better for the LLS method (SI Fig. 10).
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Supplementary Figure 9. (a) Apparent activation energy, Ea, and (b) pre-exponential factor, t0, at absorption (left) and desorption (right) extracted for the 24 individual Pd disks (light grey and dark grey bars are data from LLS and NLLS fits respectively with their mean value indicated as red solid and dashed line). The data were extracted from the 1st T-sweep as shown in SI Fig. 4, which included a full set of consecutive measurements across the T range of the experiment from 338 to 303 K. Black lines in the upper panel denote Ea values for annealed Pd nanoparticles2 of 2-5 nm in size (dotted), annealed Pd disks3 of 190 nm in diameter and 25 nm in height (dashed) and Pd foil4 of 2.5-5 µm in thickness (solid). The corresponding Arrhenius plots and nonlinear fits to data can be found in SI Fig. 5 & 6. See goodness-of-fit statistics for both methods in SI Fig. 10. 


[bookmark: _Toc57661698]10. Goodness-of-fit statistics for LLS and NLLS methods 
The goodness-of-fit of a model describes how well it fits the set of observations. The following are the plots with goodness-of-fit statistics for each T-sweep, which include sum of square errors (SSE), R-square, adjusted R-square and Root Mean Squared Error (RMSE). These values were extracted using the Matlab Curve Fitting Toolbox™ software. The statistics are presented for both methods that were used to extract Arrhenius parameters, i.e. least square linear regression (LLS – red circles for absorption, blue circles for desorption) and nonlinear least square regression (NLLS – black dots).
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Supplementary Figure 10. Goodness-of-fit statistics for the 1st T-sweep as shown in SI Fig. 4.

[bookmark: _Toc57661699]11. Distribution of plateau pressures at absorption and desorption
In addition to the kinetic measurements, it is instructive to assess the evolution of the thermodynamics of hydrogen absorption and desorption in our samples. Following this line, we have measured sorption isotherms at 303 K (SI Fig. 11) for a sample comprised of an array of 24 single Pd nanodisks of the same size as in kinetic measurements, which before the measurement were not exposed to any (de)hydrogenation cycles. The obtained data we then compared with a corresponding isotherm measurement on a same sample that had been cycled 41 times in kinetic measurements prior to the isotherm measurement. We use separate samples for this purpose, since exposure to H2 during an isotherm measurement of an as-deposited sample will inevitably change it, and therefore it cannot be used for comparison with a sample that was cycled. From the isotherm measurements we extracted the plateau pressures for absorption and desorption (Pabs and Pdes) for each particle and observe sizable increase in hysteresis for the cycled sample, as well as a larger spread in Pabs and Pdes values for the individual particles. This distinct increase in hysteresis further supports the idea of grain growth in the particles upon cycling6.
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Supplementary Figure 11.  Distribution of (a) desorption and (b) absorption plateau pressures measured at 303 K on a sample in as-deposited condition (dark-grey) and after 41 (de)hydrogenation cycles (light-orange). Cycling with hydrogen clearly increases the hysteresis and the spread in plateau pressure values, which confirms grain growth.

[bookmark: _Toc57661700]12. Discussion of grain-growth impact on desorption kinetics
This section is dedicated to discussion of the impact of grain-growth on the hydride decomposition and H2 desorption kinetics summarized in Figure 4b,d-e in the main text. To this end, it is commonly accepted that Pd hydride decomposition kinetics are controlled by associative desorption from the metal-gas interface.7 In other words, the diffusion-mediated supply of H to this interface from the inside of the Pd particle is not rate limiting. For the case of our polycrystalline particles, this means that an additional grain-boundary diffusion channel is not expected to influence the kinetics. In fact, H2 desorption takes place from the surface of the grains at the gas-nanoparticle interface. In analogy to small single crystalline particles2, the desorption rate associated with a single grain at the surface of the polycrystalline particle can therefore be represented as w = r s exp(R*/Rgr), where s is the area of the grain gas-metal interface, r is the desorption rate per unit area in the limit when surface strain effects are negligible, and exp(R*/Rgr) is the factor taking surface strain into account (Rgr is the grain radius, and R* is a constant proportional to the surface strain). The desorption rate associated with a polycrystalline nanoparticle is accordingly given by W = r S exp(R*/Rgr), where S is the area of the gas-metal interface for the entire particle. If we now for a first approximation initially assume that the atomic surface structure does not depend on grain size, S becomes grain size independent, and the timescale of hydrogen desorption from a polycrystalline Pd nanoparticle can be represented as

		(1)

where B is a constant proportional to the V/S ratio (V is the nanoparticle volume). The corresponding fit to the experimental single particle data yields R* = 31.6 nm (Fig 4c). This value is significantly larger than R* = 3.9 obtained earlier for small single crystalline Pd nanoparticles2. This significant difference between the two R* values may either indicate a stronger dependence of the desorption rate on Rgr in a polycrystalline particle, compared to a single crystalline one, or it may indicate that the atomic structure of the polycrystalline particle surface depends strongly on Rgr, and that our initial assumption of the grain size independence of S therefore is not correct. Physically, the second scenario is very likely because the extent of atomic-scale roughness is expected to decrease with increasing Rgr, since fewer grain boundaries characterized by an open atomic structure and by Pd atoms with low coordination will be present at the surface of the particle, where H2 desorption occurs (SI Fig. 12).
Following this line, the faster desorption kinetics we observe in the small grain regime can be understood from an energetics point of view, where it is known that the activation energy for H2 desorption from more open Pd(211) and Pd(100) faces is lower than from Pd(111), with a computed energy difference of about 0.1 eV8,9. This concept can be further supported by XRD studies of thin Pd films, which show a weakening/disappearance of the (200) reflection and intensity increase of the (111) reflection upon repeated H2-cycling.10,11 This indicates an energetically more favourable packing of Pd atoms and consequent reorientation in the out-of-plane (111) direction upon stress-strain cycling induced by (de)hydrogenation, which is also reasonable to expect for our polycrystalline particles.
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Supplementary Figure 12.  Schematics of the atomic structure at the surface of a particle for the case with few (left) and many (right) grain boundaries (GB) indicated by red dashed lines, where the presence of many GBs leads to an atomically rougher surface with more low-coordinated atoms. 

[bookmark: _Toc57661701]
13. Average t50 values as function of measurement number at each T
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Supplementary Figure 13.  Average t50 values become higher with each measurement for all measured temperatures and both for absorption (top row) and desorption (bottom row). Measurement numbers are given according to the experiment scheme depicted in SI Fig. 4.

[bookmark: _Toc57661702]14. CQF analysis
This section describes the analysis developed by Griessen et al5 (Eq. 28-35 therein), which we applied to characterize the compensation effect observed between Arrhenius parameters in our data. The analysis requires calculation of parameters such as Compensation Quality Factor (CQF), which depends on the number of samples in the measurement (in our case, number of particles measured in one T-sweep (N = 24 or 180), coefficient of determination value (Rsquare), as well as variance in and covariance between Arrhenius parameters. 
Analytically calculated variance in ln(t50) for the set of the N investigated particles allows to determine the temperature Tmin at which the variance of ln(t50) reaches a minimum. The variance of ln(t50) at Tmin is a direct measure of the degree of coalescence of the Arrhenius plots. The ratio of the variance of ln(t50) at Tmin normalized to the largest experimentally measured ln(t50) variance defines a CQF that characterizes quantitatively the extent of the crossing region of Arrhenius lines. The CQF is by definition unity for perfect compensation (Tmin = Tisokin, where Tisokin is the isokinetic temperature that corresponds to the slope of the Constable plot (i.e. the temperature at which all the particles in the specific measurement set have the same rate of reaction5) and tends towards zero when the Arrhenius lines do not come close to a single crossing. The calculated value of CQF is also compared to a threshold value 𝛾, which depends on N and the choice of the confidence level (i.e. level of certainty, %). 
According to this analysis, if CQF < 𝛾 at the chosen confidence level, an observed compensation effect is a statistical artefact. This is the case for our absorption and desorption data if we analyse each T-sweep separately at a 99.5% confidence level (see SI Fig. 6-8 where there is no well-defined crossing of Arrhenius plots for each of the independent T-sweeps). Accordingly, when we apply this analysis to the data presented in Fig. 2 in the main text, i.e. the 1st decreasing T-sweep for 24 single particles, CQF is lower than 𝛾 (at 99.5 % confidence level) in both cases. This implies that if analysed for this specific data set, the observed compensation effect is of statistical origin, despite Cremer-Constable plots showing high level of correlation, with relatively high Rsquare ≥ 0.98, both for absorption and desorption data (SI Fig. 14). However, as we discuss in the main text by invoking a larger set of particles to increase N in this analysis (180 vs. 24), in fact, the compensation effect can be traced back to particle-specific grain structure prior to the very first hydrogenation and therefore has non-statistical origin (SI Section 18).
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Supplementary Figure 14. Modified Cremer-Constable plots at (a) absorption and (b) desorption for the data presented in Fig. 2 in the main text (1st sweep with decreasing temperature in T-sweep mixed dataset). (c) Temperature dependence of the spread of ln(t50) values calculated according to Griessen et al.5 (green lines, solid – absorption, dashed - desorption). Vertical lines indicate Tisokin (dashed) and Tmin (solid) for absorption (red) and desorption (blue). Tmin indicates where the minimum spread of ln(t50) values occurs. The brown rectangle indicates Texp (303-338 K), where the spread of ln(t50) is little, and which leads to low CQF values of ~0.2, both for absorption and desorption, indicating statistical compensation effect.

Similarly, we have also applied this CQF analysis to the scenario where we include whole series of T-sweeps with specific T-sweep directions (i.e. not just a single T-sweep) to maximize the grain growth effect (see stars in SI Fig. 15-17 d, e). Also, this analysis then reveals a non-statistical origin of the compensation effect for desorption with 99.5% confidence level for “T-sweeps up and down”, as well as for absorption with “T-sweep down”, thereby identifying grain growth as the physical mechanism behind the observed compensation effect. We attribute the failure of the analysis to identify the compensation effect as non-statistical for the case of absorption for “T-sweep up” to the larger experimental error in absorption measurements, since the absorption process tends to be much faster than desorption, which leads to less accurate t50 data. This is especially pronounced for measurements at higher T, where we are close to the time the resolution limit of our instrument. For the mixed T-sweep case, the CQF is low also for desorption because the Arrhenius parameters tend to oscillate between different T-sweep directions, which also implies a higher ratio between minimum and maximum of t50 variance, and therefore by definition leads to a low CQF value.
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Supplementary Figure 15. Modified Cremer-Constable plot of the Arrhenius parameters (color bars) for 24 measured particles from 1st to 5th T-sweeps at (a) absorption and (b) desorption using mixed T-sweep (according to SI Fig. 4). (c) Temperature dependence of the spread of ln(t50) values calculated according Ref.5 for each of the 5 sweeps (color code is the same as in (a,b)). The spread for all sweeps together is shown in black lines (solid and dashed lines indicate abs/des data respectively). (d) The slope of the modified Cremer-Constable plots is called isokinetic temperature Tisokin (full circles). The minimum spread of ln(t50) values occurs at Tmin (hollow circles). Brown rectangle in (c) and (d) indicates the temperature range of the experiment from 303 to 338 K (Texp). (e) Within this range the spread of ln(t50) values is small for each sweep separately, which leads to low CQF values (full circles) that are below the threshold value 𝛾 at confidence levels of 95% (dotted line), 99% (dashed line) and 99.5 % (solid line) for each separate sweep and for both absorption and desorption. Rsquare for each sweep is indicated as squares. Red and blue markers indicate absorption and desorption data respectively. The stars in (d, e) indicate values calculated for the entire set of 5 T-sweeps considered together. The CQF values for the entire set are low due to lower variance in the data caused by the mixed directions of the individual T-sweeps in the set.
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Supplementary Figure 16. Modified Cremer-Constable plot of the Arrhenius parameters (color bars) for 180 measured single particles from 1st to 7th T-sweep at (a) absorption and (b) desorption using T-sweep up. (c) Temperature dependence of the spread of ln(t50) values calculated according to Ref.5 for each of the 7 sweeps (color code is the same as in (a,b)). The spread for all sweeps together is shown in black lines (solid and dashed lines indicate abs/des data respectively). (d) The slope of the modified Cremer-Constable plots is called isokinetic temperature Tisokin (full circles). The minimum spread of ln(t50) values occurs at Tmin (hollow circles). Brown rectangle in (c) and (d) indicates the temperature range of the experiment from 303 to 338 K (Texp). (e) Within this range the spread of ln(t50) values is small for each sweep separately, which leads to low CQF values (full circles) that are below the threshold value 𝛾 at confidence levels of 95% (dotted line), 99% (dashed line) and 99.5 % (solid line) for each separate sweep and for both absorption and desorption. Rsquare for each sweep is indicated as squares. Red and blue markers indicate absorption and desorption data, respectively. The stars in (d, e) indicate values calculated for entire set of 7 T-sweeps considered together. The CQF values for the entire set are high for desorption and low for absorption, which we attribute to higher experimental error in absorption measurements of t50 in general.
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Supplementary Figure 17. Modified Cremer-Constable plot of the Arrhenius parameters (color bars) for 180 measured single particles from 1st to 5th T-sweeps at (a) absorption and (b) desorption using T-sweep down. (c) Temperature dependence of the spread of ln(t50) values calculated according to Ref.5 for each of the 5 sweeps (color code is the same as in (a,b)). The spread for all sweeps together is shown in black lines (solid and dashed lines indicate abs/des data respectively). (d) The slope of the modified Cremer-Constable plots is called isokinetic temperature Tisokin (full circles). The minimum spread of ln t50 values occurs at Tmin (hollow circles). Brown rectangle in (c) and (d) indicates the temperature range of the experiment 303 to 338 K (Texp). (e) Within this range the spread of ln(t50) values is small for each sweep separately, which leads to low CQF values (full circles) that are below the threshold value 𝛾 at confidence levels of 95% (dotted line), 99% (dashed line) and 99.5 % (solid line) for each separate sweep and for both absorption and desorption. Rsquare for each sweep is indicated as squares. Red and blue markers indicate absorption and desorption data, respectively. The stars in (d, e) indicate values calculated for the entire set of 5 T-sweeps considered together. The CQF values for the entire set are high both for absorption and desorption.








[bookmark: _Toc57661703]15. Figure 5 analog for absorption
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Supplementary Figure 18. Modified Cremer-Constable plots at absorption for three samples measured with different T-sweeps: (a) up – red; (b) down – blue and (c) mixed – green. Each subsequent T-sweep in a set is colored as a lighter shade of the main color (colorbar). Insets show normalized change in activation energy, Ea – <Eavg> / kBT (where Ea is the average value for 180 (Tup and Tdown) or 24 particles (Tmix) in each sweep, <Eavg> is the average of the entire set and kB is Boltzmann constant, black stars), and logarithm of the pre-exponential factor (ln(<t0 >/ t0), where t0 is the average value for the particles in each sweep and  <t0 > is average of the entire set, gray stars) as function of measured T-sweeps. Tisokin for each T-sweep was calculated according to Ref.5 (d) Average Ea of the particles for each of the measured sweep directions (colored stars). Black lines denote Ea values at absorption for annealed Pd nanoparticles2 of 2-5 nm in size (dotted), annealed Pd disks3 of 190 nm in diameter and 25 nm in height (dashed) and Pd foil4 of 2.5-5 µm in thickness (solid). (e) Compensation Quality Factor (CQF) for each set of the T-sweep directions in relation to threshold level 𝛾 at 95, 99 and 99.5 % confidence levels (dotted, dashed and solid lines, respectively), which shows that it is significantly high for the T-sweep down set, indicating non-statistical origin of the compensation effect according to Ref.5 

[bookmark: _Toc57661704]16. Simulated scenarios for Ea derived by Arrhenius analysis in a system with and without grain growth
To generate a better understanding of how an activation energy derived by Arrhenius analysis may be affected by a grain growth induced slowdown of sorption kinetics and how this effect depends on the direction of the T-sweep used, we present the following thought experiment. Let’s take the average Ea and t0 values from the first set of measurements shown in Fig. 2 in the main text (for Ea – 20 and 66 kJ/mol, for t0 – 6.25 and 22.5 for absorption and desorption, respectively) and assume that these parameters represent an ideal situation without grain growth (scenario 1). Based on these values, we can generate a set of t50 values that perfectly fit these Arrhenius parameters within the temperature range of our experiments (Eq. 1 in main text, with Rsquare = 1). In SI Fig. 19a they are presented as black circles. From our experiments we know, however, that in reality the t50 values increase with each H2 cycle, and that the extent of slowing is different depending on the direction of the T-sweep. For T-sweep up (scenario 2), the slowing is less pronounced since in the beginning of the experiment everything is faster, and for measurements at higher temperatures it is faster as well (red triangles in SI Fig. 19a). For a T-sweep down (scenario 3), we see significant slowing of t50 due to the fact that we move towards lower temperatures, where slowing of the process at lower T coincides with slowing due to grain growth upon cycling (blue triangles in SI Fig. 19a).  This is correspondingly reflected in the Arrhenius plots of ln(t50) versus 1/T (SI Fig. 19b) and results in lower Ea for T-sweep up (scenario 2) and higher Ea for T-sweep down (scenario 3) as compared to “ideal” scenario 1 without any grain growth as shown in SI Fig. 19c.
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Supplementary Figure 19. Simulation of 3 scenarios for derivation of the activation energy at absorption (left) and desorption (right): ideal case without grain growth (black circles), grain growth with T-sweep up (red triangles) and grain growth with T-sweep down (blue triangles). (a) t50 vs. T. (b) Arrhenius plots of ln(t50) vs. 1/T. (c) Activation energy for each scenario.
[bookmark: _Toc57661705]17. Correlation of a kinetics slowing factor with Ea 
The slowing factor (SF) is defined as the ratio of the latest t50 measured at 303 K to the first t50 measured at 303 K. All three samples used for sweeps Tup, Tdown and Tmix were pre-cycled 3 times with H2 at 303 K before sets of T-sweeps for extraction of Arrhenius parameters were performed. Similar to Fig. 6 in the main text, where SF versus Ea values at the first T-sweep is plotted, in SI Fig. 20 we plot SF vs. Ea for all the other corresponding sweeps not shown in the main text.
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Supplementary Figure 20.  Slowing factor (t50 (last) / t50 (first) at 303 K) versus activation energy at the 1st sweep for samples measured according to scheme Tup (left panel, red data) and Tdown (right panel, blue data) at absorption (upward pointing triangles) and desorption (downward pointing triangles). For Tup SF = t50 (53)/ t50 (1) and Tdown SF = t50 (43)/ t50 (1), where numbers in parentheses indicate the cycle number at which the corresponding last and first measurement at 303 K was performed for each sample.
[bookmark: _Toc57661706]18. Data set size and CQF values 
In this section, we illustrate the influence of sample size on the calculated CQF value within a single T-sweep. As an example, we use the dataset with 180 particles measured using a Tdown sweep, where the correlation between slowing factor (SF) and activation energy was the most pronounced (Fig. 6b in the main text). For this purpose, we randomly divide the dataset of 180 particles into 7 subsets each consisting of 25 particles, where the 1st set includes particles 1 to 25, the 2d set – particles 26 to 50 and so on, while the 7th set includes particles 150 to 175. Particle numbers indicate their position on the sample. Then we plot corresponding SF vs. Ea (SI Fig. 21a, b) for each of the particle subsets. We see that with fewer particles included in the analysis it becomes difficult to see the correlation between the two parameters. We also calculate the CQF value for each of the 7 subsets and compare it to CQF value of the entire set of 180 particles (SI Fig. 21c). The comparison shows that depending on the constituent nanoparticles in the subset, the CQF value can be greatly different than the value of the entire 180-particle set both for absorption and desorption, highlighting the importance of large data sets (N-value) if this analysis is to be reliably applied.
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Supplementary Figure 21.  Slowing factor, SF = (t50 (43) / t50 (1) at 303 K vs. Ea, obtained from the 1st T-sweep for a sample of 180 particles measured according to Tdown scheme, divided into 7 sets of 25 particles, at (a) absorption and (b) desorption. Numbers in parentheses for SF indicate the cycle number at which the corresponding last and first measurement at 303 K was performed for each sample. (c) CQF value calculated for each of the 7 subsets (triangles) and for the entire 180-particle set (stars) in relation to the threshold level 𝛾 at 95, 99 and 99.5 % confidence levels (dotted, dashed and solid lines, respectively and according to number of particles in the set, i.e. 25 and 180) according to Ref.5 (d) CCD image of the sample with 180 particles with black and white boxes indicating corresponding particle subsets.
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