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Figure S1. Schematic of the operando electrochemical cell used to collect synchrotron XRD 

patterns. The body of the cell (tan component) was made of PTFE. A slurry electrode containing 

the active material of interest was used as the working electrode (WE) and it laid flat on the bottom 

of the cell. An extra open port served as the exhaust for evolved hydrogen gas. The reference 

electrode (REF) was a leakless Ag/AgCl reference electrode, and the counter electrode (CE) was 

porous carbon paper. The electrolyte was 0.5 M H2SO4. Two coated screws were used for 

electrical contact to the WE and CE. The cell was sealed using rubber gaskets and Kapton films 

that were pinched between the PTFE and stainless steel plates (not shown). This operando XRD 

cell is based on a design reported in a previous study.1
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Figure S2. Optimized structures of pristine (top) and protonated (bottom) (a) WO3, (b), WO3∙H2O 

and (c) WO3∙2H2O. The ratio of H to W is maintained as 0.5 in the protonated structures (bottom 

panels). Inserted protons are color-coded in yellow.



4

Table S1. Lattice constants of tungsten oxides with and without proton insertion. Comparative 

analysis between computational results obtained at r2SCAN+rVV10 level of theory.

WO3 WO3∙H2O WO3∙2H2O

Pristine
(monoclinic)

H0.5WO3 
(cubic) Pristine H0.5WO3∙H2O Pristine H0.5WO3∙2H2O

a 7.330 3.746 5.205 5.340 10.266 10.403

b 7.433 3.791 10.356 10.096 13.382 13.025Lattice 
constants

c 7.692 3.776 5.119 5.311 10.454 10.676
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Figure S3. Powder XRD patterns of WO3, WO3∙H2O, and WO3∙2H2O using a Cu Kɑ1/Kɑ2 X-ray 

source (λ = 1.5406 Å/1.5444 Å). Calculated reference patterns were adapted from the structures 

reported previously.2–4



6

Figure S4. SEM of (a) acid-precipitated WO3⋅2H2O and thermally de-hydrated (b) WO3⋅H2O 

(120°C), and (c) WO3 (350°C). 



7

Figure S5. Tafel slopes calculated for (a) HxWO3, (b) HxWO3∙H2O, and (c) HxWO3⋅2H2O.
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Table S2: Comparison of tungsten oxides with the electrocatalytic properties of various non-

precious metal-based materials, as well as commercial Pt/C, towards the HER in acidic 

electrolytes.

Material Electrolyte Mass Loading
(mg/cm2)

Overpotential 
@ 10 mA cm-2

(mV)

Tafel Slope
(mV/dec) Ref

Pt/C 0.5 M H2SO4 0.1 18.2 30 5
MoS2 (nano) 0.5 M H2SO4 - 150-200 50 6

Li0.29MoS2 0.1 M H2SO4 0.35 ~165 74 7
LiMoS2 0.1 M H2SO4 0.35 ~240 112 7
CoS2 0.5 M H2SO4 - 190 51 8

CoPS (film) 0.5 M H2SO4 - 128 57 9
CoPS (nano) 0.5 M H2SO4 - 48 56 9

WO3 0.5 M H2SO4 0.285 637 120 10
HxWO3 0.5 M H2SO4 0.1 532 49 This 

Work

HxWO3⋅H2O 0.5 M H2SO4 0.1 501 37 This 
Work

HxWO3⋅2H2O 0.5 M H2SO4 0.1 622 96 This 
Work

WO2.9 0.5 M H2SO4 0.285 70 50 10
MoO3 0.1 M H2SO4 0.2 422 146 11
MoO3-y 1 M H2SO4 - 201 90 12

TiO2 0.5 M H2SO4 0.255 550
(8.3 mA cm-2) - 13

α-Ti2O3 0.5 M H2SO4 - 495 241 14
o-Ti2O3 0.5 M H2SO4 - 442 232 14
γ-Ti2O3 0.5 M H2SO4 - 271 199 14



9

Figure S6. (a) Chronoamperometric data (scatter plot) and calculated current response (dashed 

lines) for each catalyst studied in this work based on the Tafel equation (η = blog(j/j0); where η is 

overpotential, b is Tafel slope, j is current density, and j0 is exchange current density). (b) Plot of 

Tafel slope vs. overpotential for Pt/C, a variety of non-precious metal catalysts (data obtained 

from references listed in Table S2), and the HxWO3⋅nH2O materials investigated in this work, with 

lines representing trends in exchange current density (j0) calculated from the Tafel equation.
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Discussion 1. Calculating proton composition

Choosing which technique is best suited for calculating the proton composition is 

important. When parasitic or electrocatalytic reactions are present in the cathodic sweep of cyclic 

voltammetry, the anodic capacity is often used to quantify the amount of ions inserted into a 

material. However, small negative charge contributions from the HER (QHER) can contribute to the 

measured current during cathodic and anodic scans, even at potentials prior to reaching the 

overpotential required to reach 10 mA cm-2. The three methods we investigated to calculate the 

charge associated with insertion (Qinsert) and the proton composition of protonated tungsten oxides 

were: (1) integration of the anodic current vs. time from RDE CV measurements of thin films on 

glassy carbon, (2) Q-Q0 capacities with irreversible charge subtraction from RDE CV 

measurements, (3) and Q-Q0 capacities with irreversible charge subtraction CVs of high mass 

loading slurry electrodes. 

Method 1 and 2 use the cyclic voltammetry data obtained from the RDE setup with a 

rotation rate of 1600 rpm and a scan rate of 10 mV s-1. To calculate the capacity using Method 1, 

the integral is taken of the positive current region with respect to time (Equation S1) for one cycle 

and converted to the number of electrons per tungsten. 

 (S1)𝑄=∫𝑖𝑑𝑡

The proton insertion capacities calculated from cyclic voltammetry at 10 mV s-1 using Method 1 

resulted in the following pre-HER compositions: H0.18WO3, H0.26WO3∙H2O, and H0.21WO3∙2H2O 

(Table S3). The compositions calculated using Method 1 are underestimates of the true proton 

composition within the structure due to the current contribution from the HER. 

To correct for the low magnitude HER current contributions observed in a limited potential 

window, we employed a charge correction across multiple cyclic voltammetry cycles. To perform 

composition measurements as a function of time and potential, the overall charge stored 

(recorded in the EC-Lab software) was plotted as a function of time. To account for charge 
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associated with irreversible reactions, a linear fit was applied to the local maxima in the Q vs. t 

curve that was subsequently subtracted from the overall Q-Q0 curve. This method assumes that 

the irreversible charge contribution is equal across multiple CV cycles. After the linear subtraction, 

the local maxima return to ~0 C, therefore a second assumption is required that all inserted 

protons can be extracted during the anodic scan. 

The charge correction approach applied to CV data from RDE electrodes is defined as 

Method 2. The proton compositions calculated using Method 2 were higher for each material: 

H0.24WO3, H0.54WO3⋅H2O, and H0.32WO3⋅2H2O (Table S3), suggesting that it is an effective method 

to account for low current magnitude parasitic reactions in well-understood systems where 

capacity loss is not attributed to the material itself. This method also provides an approach to 

track the composition as a function of potential, as shown in Figure 4 of the main text. 

Method 3 applies the charge correction approach to high mass loading slurry electrodes 

on carbon paper substrates. A high mass loading slurry electrode can exhibit slower kinetics 

compared to thin film electrodes on glassy carbon, however, the advantage of using a high mass 

loading electrode is that the current due to insertion (Qinsert) far exceeds the low magnitude charge 

contribution from HER (QHER) at potentials preceding the HER onset for the tungsten oxides. The 

reason Qinsert >> QHER is twofold: (1) upon increasing the mass loading of the relatively low surface 

area tungsten oxides leads to the addition of more proton storage sites compared to active HER 

sites, and (2) the slurry electrode microstructure and stationary positioning lead to less favorable 

removal of hydrogen gas during the HER, thus we expect slower kinetics compared to the RDE 

setup. An example of the charge correction approach applied using Method 3 on 6 mg cm-2 slurry 

electrode of WO3∙H2O on CP is shown in Figure S7. The following compositions were observed 

using Method 3: H0.55WO3 (10 mV s-1), H0.65WO3 (1 mV s-1), H0.69WO3⋅H2O (10 mV s-1), and 

H0.47WO3⋅2H2O (10 mV s-1). These compositions provided the most reasonable proton 

compositions in agreement with prior literature and expected structural transformations (as 

addressed in Discussion 2). These compositions are represented in Figure 5 of the main text 
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and used as the closest approximation of the proton composition attainable leading up to the 

onset of HER activity.
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Table S3. Comparison of proton compositions for each material calculated by integrating the 

current vs. time curve from thin film RDE electrodes in a limited potential window (Method 1), 

applying a Q-Q0 correction to the results from RDE electrodes (Method 2), and using the Q-Q0 

correction approach on slurry electrodes with a wider potential window and a sweep rate of 10 

mV s-1 where Qinsert >> QHER (Method 3).

Material Method 1 Method 2 Method 3

WO3 0.18 0.24 0.55

WO3∙H2O 0.26 0.54 0.69

WO3∙2H2O 0.21 0.32 0.47



14

Figure S7. Charge correction protocol applied to the results from a 6 mg cm-2 slurry electrode of 

WO3∙H2O on CP that was cycled using CV at a scan rate of 10 mV s-1. 
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Figure S8. Cyclic voltammetry results obtained during the operando XRD measurements 

of (a) a 2 mg cm-2 WO3 slurry electrode on stainless steel with a scan rate of 1 mV s-1, (b) 

a 6 mg cm-2 WO3⋅H2O slurry electrode on carbon paper with a scan rate of 10 mV s-1, and 

(c) a 2 mg cm-2 WO3⋅2H2O slurry electrode on stainless steel with a scan rate of 10 mV 

s-1. 
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Discussion 2.

WO3

The structure of the anhydrous WO3 is well established, crystallizing with monoclinic P21/n space 

group symmetry consisting of octahedral tilts of the pattern (a–b+c–) in Glazer notation and 

antiparallel displacements of the W6+ ions within the octahedra due to second-order Jahn-Teller 

effects. Figure 6 in the main text shows the diffraction patterns and corresponding potential and 

current as a function of time for WO3 during cyclic voltammetry in 0.5 M H2SO4 at 1 mV s-1. After 

the first proton insertion event with a peak potential (Ep) of 0.26 V vs. RHE, the peaks originally 

associated with the (002), (020), and (200) indices of the monoclinic cell at 10.84, 11.14, and 

11.40 degrees 2θ, respectively, merge into two peaks suggesting a transition to higher symmetry. 

The 1D XRD pattern collected at 0.177 V (vs. RHE) can be well fit by the structure reported for 

H0.23WO3 determined from X-ray and neutron diffraction studies performed by Dickens and 

Hurditch.15 H0.23WO3 has tetragonal P4/nmm space group symmetry with no observable tilting of 

the octahedra while the antiparallel displacements of W6+-ions remain. After the second proton 

insertion event at Ep = 0.0 V vs. RHE, the (100) and (110) reflections positioned at 10.76 and 

11.29 degrees 2θ, respectively, merge into a single peak suggesting another transition to higher 

symmetry. The 1D pattern collected under an applied potential of -0.35 V (vs. RHE) matches well 

with the structure of H0.5WO3 previously reported by Glemser and Naumann.16 H0.5WO3 was 

reported to have a cubic unit cell with Pm m space group symmetry (a = 3.75 Å) via X-ray 3̅

diffraction. The perovskite-like structure does not demonstrate any observable tilts, nor does it 

allow for the displacement of the W6+-ion. A separate report by Wiseman and Dickens utilized 

neutron diffraction on a deuterated analogue (D0.53WO3) and observed weak supercell reflections 

that are consistent with a cubic cell with Im  space group symmetry (a = 7.562 Å or a/2 = 3.781 3̅

Å).17 The Im  structure is a tilted derivative of the archetypical perovskite structure with the tilting 3̅

scheme (a+a+a+) in Glazer notation.18 The structure determined from neutron diffraction is of high 
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fidelity due to the higher sensitivity of the measurement with respect to oxygen and deuterium 

positions. We do not observe the supercell reflections consistent with the Im  structure and have 3̅

opted to perform Pawley refinements with the smaller Pm m unit cell determined from X-ray 3̅

diffraction. Our data matches well with the previous reports (a = 3.7935(1)). It should also be 

mentioned that Pawley refinements with both the Pm m model and Im  model resulted in similar 3̅ 3̅

fits to the data. Figure 7 in the main text shows the proton composition and pseudo-cubic a-lattice 

parameter (ap) calculated from the lattice parameters of each phase (Equation S2-S4) as a 

function of potential. After the pure cubic structure forms, ap continues to increase from 3.770 Å 

at -0.083 V to 3.787 Å at -0.282 V vs. RHE. The same series of transitions occurred in reverse 

order as protons de-inserted during the anodic cyclic voltammetry scan from -0.31 V to 0.64 V vs. 

RHE. 

Monoclinic:  (S2)
𝑎𝑝=

(𝑎+ 𝑏+ 𝑐)
6

Tetragonal: (S3)
𝑎𝑝=

(2𝑎 2) + 𝑐
3

Cubic: (S4)𝑎𝑝= 𝑎

WO3⋅H2O

The structure of WO3⋅H2O was reported previously by Szymanski and Roberts as a primitive 

orthorhombic cell with Pmnb (non-standard setting of Pnma) space group symmetry and lattice 

parameters of a = 5.249(2) Å, b = 10.711(5) Å, and c = 5.133(2) Å.2 A separate report by Lalik et 

al. utilized neutron diffraction and scattering techniques in combination with DFT calculations to 

demonstrate the true structure of WO3⋅D2O has P212121 space group symmetry with a = 10.654(1) 

Å, b = 5.2486(6) Å, and c = 5.1474(5) Å.19 The difference between these two cells consists of 

changes in the orientation of the water molecule within the framework as well as the presence of 

a small θ-tilt (in Aleksandrov notation) perpendicular to the layer plane. The minute discrepancies 
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between these reports may be attributed to the different techniques used to determine the 

structure, single-crystal XRD (Syzmanski) and NPD (Lalik), the latter being more sensitive to both 

oxygen and deuterium positions. Lalik et al. further demonstrated that there were no observable 

structural transitions over the temperature range 1.5 K to 300 K. Pawley refinements of our 

diffraction data can be fit well with both models. While we admit the structure with P212121 space 

group symmetry may be the more correct assignment, the minute differences were not apparent 

in our experiments. We elected to model the data with the Pmnb cell due to the higher symmetry 

of the cell although it should be mentioned that Pawley refinements with both structural models 

resulted in identical fits to the data. While multiple proton insertion events are observed in the CV, 

our data does not indicate any structural transitions associated with these events. Instead, the 

data can be modeled by a contraction of the interlayer distance and an expansion of the inorganic 

plane. Further studies with neutron diffraction may be necessary to elucidate the true structures 

of the HxWO3⋅H2O. We speculate based on group theory that the series of transitions may follow 

the series P212121 → Pmnb → Cmcm → I4/mmm. These transitions are associated with a loss of 

θ-tilts, then a loss of the in-plane ϕ-tilts, and finally the loss of the W6+-cation displacements. These 

structural phase transitions are consistent with other layered perovskite-like materials with the 

Ruddlesden-Popper structure.20 The mode of transitions (i.e. loss of tilting and ion displacements) 

would be similar to what is observed in the HxWO3 system where tilting is lost before the cation 

displacements.

WO3⋅2H2O

The structure of WO3⋅2H2O was reported by Li et al. in 2000 from powder XRD. It has a monoclinic 

cell with P21/n symmetry with a complex pattern of octahedral tilting.3 During electrochemical 

proton insertion, operando XRD results (Figure 10a) show that the (20 ) and (202) reflections at 2̅

11.16 and 11.34 degrees 2θ, respectively, merge as the potential is scanned from 0.642 V to -
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0.05 V vs. RHE, and they proceed to split at higher proton compositions between -0.05 V and -

0.358 V vs. RHE. Furthermore, the (020) peak position remains constant, indicating that the 

interlayer spacing does not change during proton (de)insertion. This trend is also observed with 

the (22 ) and (222) reflections at 12.70 and 12.88 degrees 2θ, respectively. The opposite 2̅

transitions occur during deprotonation in the anodic scan of the CV. Pawley refinements were 

performed on 1D diffraction patterns of the full 2θ range recorded during the operando 

measurements of WO3⋅2H2O. All of the collected diffraction patterns could be modeled with the 

monoclinic P21/n structure with changes in the a- and c- lattice parameters, with the most 

significant change in the a-axis (Figure 11). Overall, these results indicate that upon proton 

insertion and de-insertion in HxWO3⋅2H2O, the structural transitions are limited to the ac-plane 

and may be associated with changes in the degree of tilting and changes in bond lengths within 

the inorganic layers. 
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Figure S9. Scanning electron microscopy images of a 6 mg cm-2 WO3⋅H2O slurry electrode (a) 

before and (b) after cyclic voltammetry in 0.5 M H2SO4 with a lower cutoff potential of -0.8 V vs. 

RHE.
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Figure S10. The geometry and band structure of two thermodynamically competitive (< 0.001 eV 

energy difference) configurations ((a) and (b)) of H0.5WO3⋅2H2O. 
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Figure S11. Structural configuration of initial (IS), transition (TS), and final states (FS) of proton 

conduction in the bulk of (a) H0.5WO3 and (b) H0.5WO3∙H2O. The free energy of activation barriers 

at room temperature are 0.00 eV and 0.14 eV, respectively. Diffusing protons are color-coded in 

yellow.
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Figure S12. Structural configuration of initial (IS), transition (TS), and final states (FS) of hydrogen 

formation in the bulk of (a) H0.5WO3 and (b) H0.5WO3∙H2O. The free energy of activation barriers 

are 2.25 eV and 1.98 eV at room temperature, respectively. Hydrogens involved in H2 formation 

are color-coded in yellow.  
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Figure S13. Structural configuration of initial, transition and final states in two additional pathways 

examined for hydrogen formation within the bulk of H0.5WO3∙H2O. The free energy of activation 

barriers are 2.64 eV and 2.25 eV at room temperature, respectively. We investigated the potential 

pathway of hydrogen formation in H0.5WO3∙H2O via hydronium formation (stepwise); however, 

hydronium itself was found to be unstable in the bulk structure. Hydrogens involved in H2 

formation and the relevant oxygen sites are color-coded in yellow and dark red, respectively.  
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