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1. Electron Microcopy Images and Elemental Maps of PdCu Alloys 

Figure S1. Left panel: overview SEM image of an alloyed Pd85Cu15 nanodisk array. Right panel: 
70°-tilt SEM image of a single Pd85Cu15 nanodisk. Scale bars: 200 nm.

Figure S2. STEM image of a single nanodisk together with EDS elemental linescans along the red 
dashed-line (left) and the corresponding elemental maps (right) of (a) Pd95Cu5 (b) Pd90Cu10 (c) 
Pd85Cu15 (d) Pd80Cu20 (e) Pd75Cu25 and (f) Pd70Cu30.



2. Optical Properties of PdCu Alloy Nanoparticles with Different Composition

Figure S3. (a) Normalized optical extinction spectra of PdCu alloy nanoparticle arrays with 
different composition. (b) LSPR peak, λpeak, and (c) full-width at half maximum (FWHM) of the 
plasmon resonance peak plotted as a function of Cu content in the alloy. The FWHM is defined as 
the peak half-width, as measured from the λpeak toward the low energy side, multiplied by two, to 
exclude possible contributions by higher order plasmonic modes. Smooth transition of λpeak and 
FWHM as function of Cu content indicates formation of homogeneous alloys. The dashed lines 
serve as a guide to the eye.



3. Simultaneous Plasmonic and Quartz Crystal Microbalance Measurements

To correlate the optical properties of PdCu nanoparticles with the hydrogen concentration inside 
them we employed simultaneous nanoplasmonic and QCM measurements from the same sample 
surface1 (Figure S4). To this end, we used optical measurements in reflectance mode to record the 
optical change in the nanoparticles upon exposure to different hydrogen partial pressures and 
simultaneously, via the resonance frequency shift, Δf, of the QCM crystal and the Sauerbrey 
equation,2 determine the absolute amount of hydrogen absorbed by the nanoparticles. From ref. S1 
it has been determined that for nanoparticles with a height of 25 nm, as the case here, the hydrogen 
concentration in them can be expressed as

(S1)∆𝐻/𝑃𝑑 = 1.70𝐸 ―2∆𝑓
𝛼𝛽

where α and β are the Pd content in the alloy and the nanoparticle surface coverage, respectively. 
To this end the coverage β should be identified carefully for each sample since it is expected to 
vary from sample to sample. We examined the coverage by SEM and systematically mapped 
different locations on the QCM crystal to get good statistics from an area of a total of 160 µm2. 
The corresponding results are summarized in Table S1.

Table S1. α and β Parameters for PdCu Alloy Systems Considered

Sample α β [%]
Pd 1.00 11.9
Pd95Cu5 0.95 12.9
Pd90Cu10 0.90 11.5
Pd85Cu15 0.85 14.6
Pd80Cu20 0.80 16.5
Pd75Cu25 0.75 14.8
Pd70Cu30 0.70 15.1

Using equation S1 we then constructed the gravimetric QCM-based isotherms (expressed as 
hydrogen-palladium atomic ratio, H/Pd) of all the investigated PdCu alloy nanoparticle arrays, 
plotted together with the simultaneously obtained optical ones in Figure S5. A remarkable 
similarity between the optical and gravimetric isotherms is observed for each PdCu system. From 
these data we also obtained the hydrogen concentration in the different alloys at 250 mbar plotted 
in Figure S6. The overall trend of a linearly decreasing H/Pd, as well as the absolute H/Pd values, 
are in excellent agreement with reports for bulk PdCu alloys.3



Figure S4. Left: schematic representation of the combined QCM and optical readout setup, where 
the latter is implemented in reflection mode via a fiber optic reflectance probe connected to a white 
light source and a fixed-grating spectrometer. To minimize coupling of the LSPR modes in the 
investigated nanoparticles with the Au electrode of the QCM crystal, a 100-nm thick SiO2 spacer 
layer is grown on the QCM electrode, onto which the nanoparticles subsequently are fabricated. 
The schematic is adapted with permission from ref. S1. Copyright 2018 American Chemical 
Society. Right: SEM images of different PdCu alloy nanoparticle arrays fabricated on QCM 
crystals.



Figure S5. Simultaneously measured gravimetric (QCM) and optical (LSPR) hydrogen absorption 
and desorption isotherms for PdCu alloy nanoparticles with different composition, measured at 
303 K. Note that for PdCu alloys with Cu content > 15 at.% the nanoparticles remain in the α-
phase at 250 mbar. The upward and downward triangles denote the hydrogen absorption and 
desorption branches of the isotherm, respectively. The data of Pd-Pd75Cu25 is adapted with 
permission from ref. S1. Copyright 2018 American Chemical Society.



Figure S6. Correlation between the optical readout parameter Δλpeak and relative hydrogen 
concentration in Pd and PdCu alloy nanoparticles. Δλpeak-H/Pd correlation plots for (a) Pd, (b) 
Pd95Cu5, (c) Pd90Cu10, (d) Pd85Cu15, (e) Pd80Au20, Pd75Au25, and Pd70Au30. Linear regression 
(dashed lines) is applied to describe the Δλpeak-H/Pd relation and shown together with 
corresponding root-mean-square error (RMSE) and R2 values. Note how all the systems exhibit 
similar slopes and thus identical scaling with the hydrogen concentration in the nanoparticles 
expressed as H/Pd. This becomes obvious in the master plot (f) where data for all the different 
alloy compositions are plotted together. The experiments were carried out at atmospheric pressure 
using Ar as carrier gas. The data of Pd-Pd75Cu25 is adapted with permission from ref. S1. 
Copyright 2018 American Chemical Society.

Figure S7. Absolute hydrogen concentration, expressed as H/Pd, in PdCu alloy nanoparticles with 
different composition measured at 250 mbar hydrogen partial pressure in Ar carrier gas and at 
30 °C. Note that the H/Pd ratio for PdCu with Cu content beyond 15 at.% is not available since 
these samples do not transform into the hydride–phase at 250 mbar at 30 °C (see Figure S5). The 
overall trend of a linearly decreasing H/Pd, as well as the absolute values, are in excellent 



agreement with reports of bulk PdCu alloys.3 The error bars denote the standard deviation from 
at least three measurements. The dashed line is a guide to the eye.



4. Extinction Spectra Upon Hydrogen Sorption

Figure S8. Optical extinction spectra of the different PdCu alloy nanoparticles upon exposure to 
<0.01 mbar (solid lines) and 1000 mbar (dashed lines) hydrogen, measured in a vacuum chamber.



5. Pd70Cu30 Deactivation Test

Figure S9. (a) Time-dependent Δλpeak response of Pd70Cu30 to three 10-min 4% H2 pulses (grey 
shaded areas) followed by 9 pulses of 4% H2 + 0.5% CO mixture (green shaded areas) measured 
at atmospheric pressure at a constant flow rate of 100 mL/min. (b) Δλpeak response in CO 
background normalized to the one obtained in pure 4% H2. The error bars denote the standard 
deviation from 10 cycles. The red shaded areas indicate the ±20% deviation limit from the 
normalized Δλpeak in pure 4% H2 according to the performance standard for hydrogen sensors.4



6. Determination of Experimental λpeak and Noise

Figure S10. (a) Lorentzian function fitting to the optical spectra of Pd70Au25Cu5 sensor. The fit 
(dashed line) is only applied within ±60 nm from the λpeak (shared area) where it is symmetric and 
thus provides a good fit with R2 > 0.96,(b) Example of Δλpeak determination of the sensor from 
vacuum (orange line) to 5 mbar H2 (red). Using the fitting, in this case, Δλpeak of 1 nm can be 
resolved. (c) Typical signal noise obtained using the fitting procedure. The data show Δλpeak of a 
sensor in vacuum for 15 min. Clearly a stable signal is achieved with determined noise, σ, of 0.1 
nm (shaded area in the inset).



7. Δλpeak Response in Low Hydrogen Concentration

Figure S11. Time-resolved Δλpeak response of the Pd70Au25Cu5 ternary alloy sensor to different 
hydrogen concentrations in Ar measured at 30 oC in flow mode. Shaded areas denote exposure to 
hydrogen.

Figure S12. Time-resolved Δλpeak response of the Pd70Au25Cu5 ternary alloy sensor to different 
hydrogen concentrations in synthetic air measured at 30 oC in flow mode. Shaded areas denote 
exposure to hydrogen.



8. Pd70Au25Cu5 Alloy Nanoparticles Resistance Towards CO at Lower H2 Pressure

Figure S13. Time-resolved Δλpeak response of Pd70Au25Cu5 to two 1% H2 pulses (grey shaded 
areas) followed by (a) 10 pulses of 1% H2 + 0.5% CO2 (green shaded areas). (b) The 
corresponding normalized Δλpeak responses to 1% H2 in synthetic air with CO background, with 
respect to the control response in pure 1% H2 in synthetic air. The error bars denote the standard 
deviation from 10 cycles. The red shaded areas indicate the ±20% deviation limit from the 
normalized Δλpeak in pure 4% H2 according to the performance standard for hydrogen sensors.4

Figure S14. Time-resolved Δλpeak response of Pd70Au25Cu5 to two 0.1% H2 pulses (grey shaded 
areas) followed by (a) 10 pulses of 0.1% H2 + 0.5% CO2 (green shaded areas) or (b) 10 pulses of 
0.1% H2 + 0.15% CH4 (blue shaded areas), all in synthetic air carrier gas. The corresponding 
normalized Δλpeak responses to 0.1% H2 in synthetic air with (c) 0.5% and (d) 0.15% CO 
backgrounds, with respect to the control response in pure 0.1% H2 in synthetic air. The error bars 
denote the standard deviation from 10 cycles. The red shaded areas indicate the ±20% deviation 
limit from the normalized Δλpeak in pure 4% H2 according to the performance standard for 
hydrogen sensors.4 Note that the response kinetics of the sensor exposed to 0.5% CO are slower 
than for 0.15%, which mainly is responsible for the lower Δλpeak observed within the CO-exposure 
period. 



9. Pd70Au25Cu5 Alloy Nanoparticles Resistance Towards CO2 and CH4

Figure S15. Time-resolved Δλpeak response of Pd70Au25Cu5 to three 4% H2 pulses (grey shaded 
areas) followed by (a) 9 pulses of 4% H2 + 2% CO2 (pink shaded areas) or (b) 9 pulses of 4% H2 
+ 0.5% CH4 (blue shaded areas), all in synthetic air carrier gas. The corresponding normalized 
Δλpeak responses to 4% H2 in synthetic air with CO2 (c) and CH4 (d) backgrounds, with respect to 
the control response in pure 4% H2 in synthetic air. The error bars denote the standard deviation 
from 10 cycles. The red shaded areas indicate the ±20% deviation limit from the normalized Δλpeak 
in pure 4% H2 according to the performance standard for hydrogen sensors.4



10. Pd70Au25Cu5 Alloy Nanoparticles Stability Over Time

Figure S16. Temporal evolution of the elemental composition at the alloy nanoparticle surface 
determined by XPS. Note that the surface is slightly Au and Cu enriched with respect to the nominal 
bulk composition already directly after fabrication but then remains stable over the 7-week test 
period.

Figure S17. XPS spectra showing the (a) Pd 3d, (b) Au 4f, (c) Cu 2p and (d) O 1s peaks measured 
on a Pd70Au25Cu5 alloy sample during a 7 week period, including after exposure to CO in week 7. 
Note the generally high stability of the sample surface and, particularly that there neither is any 
sign of surface segregation of an alloyant over time, nor of oxidation due to the complete absence 
of a CuO peak around 940 eV. 



Figure S18. (a) Hydrogen pressure-Δλpeak isotherms of the Pd70Au25Cu5 alloy sample measured 
during a 7-week period, when stored at controlled ambient conditions (average temperature 21.2 
oC, humidity 23% RH, and CO2 323 ppm). Note how the isotherms are basically unaffected, 
maintaining hysteresis-free response. (b) Absorption and (c) desorption kinetics measured during 
the same 7-week period. Again, the responses are very similar, retaining the initial response times 
of ca. 0.4 s and 5 s for absorption and desorption, respectively. The dashed lines in (c) and (d) 
mark the 90% and 10% of the maximum response, respectively. The red-shaded areas denote 40 
mbar H2 pulses.

Figure S19. Time-resolved Δλpeak response of a 7-week old Pd70Au25Cu5 alloy sensor to 20 cycles 
of 4% H2 + 0.5% CO in Ar carrier gas, measured at 30 oC. 



Table S2. Sensing metrics of state-of-the-art hydrogen sensors from the literature.

Active Elementa Transducing 
Method

t90   
(s)

t10   
(s)

Pressureb 
(mbar)

Temperatureb 
(oC)

LoD 
(ppm)

Hysteretic 
Behaviourc

Resistance to 
Poisoning Gasesc

Ref

PdAuCu NP optical 0.4 5 40 RT 5 hysteresis-
free

CO2, CH4, CO this 
work

PdAu NP 
@PTFE@PMMA

optical 0.3 3 40 RT 1 hysteresis-
free

CO2, CH4, CO, 
NO2

5

Pd ultrasmall grain electrical 12 19 30 RT 2.5 n.a. n.a. 6

Pd strip on 3D structures optical 20 - 1 RT 10 n.a. n.a. 7

CeO2-loaded In2O3 
hollow spheres

electrical 24.5 21 0.05 160 0.01 n.a. n.a. 8

Pd NW/ZnO electrical 50 - 0.1 100 100 n.a. n.a. 9

Pd NP/C NW electrical 45 5 1 RT 10 n.a. n.a. 10

Pd-SnO2/MoS2 electrical 26 15 1 RT 30 n.a. n.a. 11

α-MoO3 NW electrical 3 2.7 15 260 100 n.a. n.a. 12

Pd/SiC NCf electrical 4 48 0.5 300 2 n.a. n.a. 13

SiO2 NR@Pd electrical 17 - 10 RT 10 n.a. n.a. 14

PdAg NW electrical 120 102 1 RT 100 n.a. n.a. 15

PdCuSi mechanical 5 - 30 - - hysteresis-
free

n.a. 16

Pt /YSZ/LaSrCrFeO3-δ electrical 4 24 1 450 20 n.a. n.a. 17

Pd NC/TiO2 NF electrical 25 1 6 150 6000 n.a. n.a. 18

MoS2 electrical 14 140 10 30 - n.a. n.a. 19

Pd-capped Mg film electrical 6 33 10 RT 1 n.a. n.a. 20



Active Elementa Transducing 
Method

t90   
(s)

t10   
(s)

Pressure 
(mbar)

Temperature 
(oC)

LoD 
(ppm)

Hysteretic 
Behaviourb

Resistance to 
Poisoning Gasesb

Ref

UV-activated ZnO electrical 4 24 10 RT 5 n.a. n.a. 21

Pd NW@ZIF-8 electrical 13 6 1 RT 1000 n.a. n.a. 22

Pd-Pt/ZnO NR electrical 5 76 10 100 0.2 n.a. n.a. 23

Pd NP/TiO2 electrical 12 5 1 180 1 n.a. n.a. 24

Pd NP/MnO2 electrical 30 40 1 100 10 n.a. n.a. 25

Pt-TiO2 electrical 10 20 1 RT 30 n.a. n.a. 26

Pd NP/ZnO NR electrical 100 - 5 RT 10 n.a. n.a. 27

TiO2 nanostructures electrical 50 40 1 RT 1 n.a. n.a. 28

PdPt film electrical 4 5 10 150 10 n.a. n.a. 29

Pt NW electrical 100 - 1 25 1 n.a. n.a. 30

Pd NRb electrical 4 9 100 RT 20000 n.a. n.a. 31

PdY film optical 6 8 40 RT 1000 n.a. n.a. 32

PdMg film electrical 1 60 4000 100 - n.a. n.a. 33

Au@Pd NP electrical 15 18 200 RT 1000 n.a. n.a. 34

Pt@Pd NW electrical 2 2.5 40 103 4000 n.a. n.a. 35

polyurethane@Pd electrical 24 - 1 RT 20 n.a. n.a. 36

Pt@Pd/graphene electrical 180 72 10 RT 1 n.a. n.a. 37

Pd NP/graphene 
@PMMA

electrical 108 330 20 RT 250 n.a. CH4, CO, NO2
38

Pd NP/TiO2 NT electrical 120 90 10 RT - n.a. n.a. 39

Pd NW electrical 25 - 1 RT 50 n.a. n.a. 40

Pd/SiO2/Au optical 3 10 40 RT 5000 n.a. n.a. 41



Active Elementa Transducing 
Method

t90   
(s)

t10   
(s)

Pressure 
(mbar)

Temperature 
(oC)

LoD 
(ppm)

Hysteretic 
Behaviourb

Resistance to 
Poisoning Gasesb

Ref

PdAu film optical 15 15 20 RT 5000 hysteresis-
free

CH4
42

Pd NP/graphene electrical 300 - 1 RT 20 n.a. n.a. 43

PdNi NG electrical 0.5 0.5 20 RT 500 n.a. n.a. 44

Pd NG electrical 5 200 40 RT 5000 n.a. n.a. 45

Pd NW electrical 4 - 24 RT 1000 n.a. n.a. 46

Pd/Au film optical 4.5 13 40 RT - n.a. n.a. 47

Pd NG electrical 498 3000 30 RT 20000 n.a. n.a. 48

Pd NG electrical 0.07 - 20 RT 25 n.a. n.a. 49

Pd film optical 10 - 40 RT - n.a. n.a. 50

Pd microcantilever mechanical 90 300 10 RT - n.a. n.a. 51

fractured Pd NW electrical 0.07 - 40 RT 10000 n.a. CH4
52,53

aNC = nanocube, NCf = nanocauliflower, NF = nanofiber, NG = nanogap, NP = nanoparticle, NR = nanorod, NRb = nanoribbon, NT = 
nanotube, NW = nanowire. bPressure/temperature for response and recovery times measurements.  cn.a. = not addressed.
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