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Preparation of transition metal phosphide (TMP) working electrodes.

The as-prepared TMP Ti-foil supported samples were attached to a polyvinyl chloride-coated Cu
wire placed inside a glass Pasteur pipette. Two-part epoxy was then used to insulate all of the
conductive surfaces except for the TMP decorated side of the Ti foil. After epoxy masking, the
exposed geometric areas of the TMP working electrodes were ~0.17-0.19 cm?.

Lattice constant for FeysCoqsP.

The lattice constants for CoP, FeP and Fe(sCog sP can be calculated based on relationship
between d-spacing and lattice constants for an orthorhombic crystal system:
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Solving the three coupled equations for the (011), (122) and (211) peaks gives the lattice
constants shown in Table S1. The lattice constants for FeysCog sP are in between

Table S1. (011), (122) and (211) peak positions and lattice constants for FeP, Fe, sCog sP and

CoP as determined by XRD.
20011 [°] 20112 [°] 20,15 [°] a [A] b [A] c [A]
FeP 32.71 46.29 48.31 5.19 3.10" 5.79*
FegsCog sP 31.90 46.20 48.27 5.09 3.23 5.66
CoP 31.63 46.23 48.18 5.07 3.27 5.60

*since CoP and FeP have orthorhombic crystal systems, we have reversed b and ¢ for FeP relative to reference ! to
keep the crystal axes in this table consistent.



P2p

a Q
- &
o [o3
(o] (o]
[a o
Fey,5C0475P Feg25C0g75P Fey25C0g 7P
o o In ~
= & o Q] = -
Q [oN = M o [o 3
~ N & & ~ ~N
0 o o > oo
W) (W) LL [
Mu
3
A s 3 3 8 8 . o
L - m
£ I & & S8
o] o]
S o o & & al o
(@]
v
N o
g 3 kY & s g
a8 8 ~ N T e o
o (o] (/] )] o] ™~
Q ] L b o [a
W] v |
o o
e g > 8 5
~ ~N P?‘* a a8
()] ] [al] o~
Fe LMM w L o o
¥
715 705 138 134 130 126

800 790 780 770 725
Binding energy [eV]

Figure S1. XPS spectra CoP, Fe(,5C0¢75P, FegsCoosP, Fep75Cog25P and FeP. (A) The Co 2p
region indicates a cobalt phosphide in the case of the CoP, Fej,5Cog75P, FegsCopsP and
Fe75CogosP. (B) The Fe 2p region indicates an iron phosphide in the case of the FeP,
Fe25C00.75P, FeysCopsP and Feg75Cog,sP. (C) The predominant doublet found in the P 2p

region can be assigned to P bonded to a metal (i.e., phosphide).



Electrochemical active surface area.

Electrochemical capacitance measurements were used to determine the active surface area of
each catalyst. To measure the electrochemical capacitance, the potential was swept between 0.10
to 0.30 V vs RHE five times at each of eleven different scan rates (10, 20, 40, 60, 80, 100, 120,
160, 200, 250 and 300 mV/s). The cyclic voltammograms can be seen in Figures S2A for a
representative CoP electrode. We measured the capacitive currents in a potential range where no
faradic processes are observed, i.e. at 0.20 V vs. RHE. The measured capacitive currents are
plotted as a function of scan rate in Figure S2B and a linear fit determined the specific
capacitance to be 448 pF cm™2 The specific capacitance can be converted into an
electrochemical active surface area (ECSA) using the specific capacitance value for a flat
standard with 1 cm? of real surface area. The specific capacitance for a flat surface is generally
found to be in the range of 20-60 puF cm2.2- In the following calculations of TOF we assume 40
uF cm™2,
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Figure S2. Electrochemical capacitance measurements to determine the surface area of a CoP
electrode. (A) The capacitive current from double layer charging can be measured from cyclic
voltammograms in a potential range where no Faradaic processes are observed. The capacitive
currents were measured at 0.20 V vs RHE. (B) The measured capacitive currents plotted as a
function of scan rate.

Calculated electrochemical active surface area.

CoP 448 pF cm™

2
Agcsa = =11.2cmgcga

40 uF cm™ per cmgcsga

Turnover frequency calculations.

To calculate the per-site turnover frequency (TOF), we used the following formula:

TOF = # total hydrogen turn overs / cm? geometric area

# surface sites / cm? geometric area



The total number of hydrogen turn overs was calculated from the current density according to:> ¢
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Since the exact hydrogen binding sites are not known, we
conservatively estimate the number of active sites as the
total number of surface sites (including both the transition
metal and P atoms as possible active sites) from the
roughness factor together with the unit cell of the TMP. A
similar approach was used to estimate TOF for Ni,P,’
CoP,? and MoP.?

5.587 A

# surface sites per real surface area 5o/
(here calculated for CoP): 14 5.077 A

CoP unit cell:

Volume: 93.07 A

Contains: 4 Co and 4 P atoms
Figure S3. CoP unit cell. Co
atoms: red and P atoms: purple.

2
4 atoms / unit cell js

93.07A3/ unit cell

=1.948x10' atoms cm;gal

#surface sites = [

Similar for the other TMP we find (fOI' FCO.25C00.75P, F€0.5C00.5P and Feo‘75C00.25P we took the
weighted average of CoP and FeP):

Table S2. The volume of the unit cell and number of atoms contained in the unit cell are used to
calculate the number of surface sites per surface area for the different TMPs.

Unit cell volume Atoms per unit cell # Surface sites

[A3] [atoms Cm-zreal]
MoP (and MoP|S) 28.69 2 1.694x10"
FeP 93.21 8 1.946x101
Fe,P 102.81 9 1.972x10"
CoP 93.07 8 1.948x1015
Co,P 132.48 12 2.017x10"
Ni,P 100.54 9 2.001x101
Feg25Cog 75P 93.11 8 1.947x1015
Fey5CogsP 93.14 8 1.947x101
Feg75Cog25P 93.18 8 1.946x1015

Finally, plot of current density can be converted into a TOF plot according to:
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Calculation details

All structures and electronic energies were calculated using plane-wave density functional theory
(DFT) employing ultrasoft-pseudopotentials. The Quantum ESPRESSO code!? and the BEEF-vdW
exchange correlation functional'!!> were used with a plane wave cutoff and density cutoff of at



least 500 eV and 5000 eV respectively. For Fe containing structures, a higher plane wave cutoff
was 800 eV and the density cutoff was 8000 eV in order to ensure proper convergence of the
adsorption energies. At least three layers were used with the top layer allowed to relax. Periodic
boundary conditions with dipole corrections were used in all cases, with at least 10 A of vacuum
in the z-direction to separate neighboring slabs. All calculations except that for MoP were
calculated with spin-polarization. The structures were relaxed until the total forces on each atom
were less than 0.05 eV/A_ The calculated lattice parameters are shown in Table S3. And the
results agree very well with experimentally determined quantities. The hydrogen adsorption free
energy AGy was calculated as in previous studies.

As a first approximation, the stable surfaces for each TMP were estimated using the Bravais-
Friedel-Donnay-Harker (BFDH) crystal morphology algorithm.!# Although this method is based
purely on geometry, it proved remarkably successful in a previous study on cobalt oxides, where
the estimated stable surfaces were confirmed by explicit calculations of the surface energies.!>
Among the surfaces estimated to be present, 2~5 surfaces of each TMP were taken and the AGy
was calculated for hydrogen coverages from 6y = 0 ML to 1 ML. Here, the hydrogen coverage
Oy is defined as the fraction of a monolayer with respect to the number of active sites on the
surface. The number of active sites on the surface is defined as number of possible sites where
hydrogen can adsorb at a reasonable binding energy (AGy < 0.7 eV). The coverage at which
hydrogen desorption becomes more favorable than further adsorption is taken to be the coverage
where HER occurs. For each TMP, the surface with the most thermoneutral AGy was considered
to be the most active amongst the stable surfaces; the AGy at this surface is thus taken to be the
descriptor for that TMP. The differential hydrogen adsorption free energies were calculated as in
previous studies.'® 17 The relevant active surfaces are shown in Table S4 with the AGy of the
final adsorbed hydrogen at the steady-state coverage. In the case of molybdenum phosphosulfide
(MoP|S) the " of the phosphorous atoms was substituted with a sulfur atom. This sulfur
coverage was previously found by XPS for MoP|S.?

Table S3. Transition metal phosphide compounds, their structures, and their lattice parameters;
theoretical and experimental lattice parameters are in close agreement.

Lattice parameters [A]

Compound Space Theoretical Experimental
Group
a b c a b c Ref.
MoP P6 3.245 3.244 3.200 3.230 3.230 3.200 Schonberg et. al.!®
O{67JE
rror!m
2
FeP Pna21  5.156 5.762 3.052 5.193 5.792 3.099 Elsukov et. al.!
Fe,P P62 5.815 5.815 3.423 5.868 5.868 3.458 Carlsson et. al."”
O{67JE
rror!m
CoP Pnma  5.076 3.269 5.537 5.077 3.281 5.587 Rundqvist et. al.?0
Co,P Pnma  5.526 3.508 6.605 5.649 3.513 6.607 Skalaet. al. 2!

Ni,P P62 5.895 5.895 3.379 5.859 5.859 3.382 Larson et. al. 2



O{67}E
rror!m
FeosCog sP Pnma  5.039 3.226 5.618 509 323 5670 Selteet. al. 2




Table S4. The most active surfaces amongst the most likely surfaces as estimated using the
BFDH algorithm; their surface structures, steady-state hydrogen coverages, and hydrogen
adsorption free energies with the relative errors are listed. The lines represent the repeating unit
cells and atoms in purple are phosphorous, atoms in white are hydrogen, and the remaining ones
correspond to the metals, as shown in the main text. Where there is ambiguity, the active
hydrogen is circled in red.

Compound Surface Structure Site [I\(?Ili] [Ae%? Re%.el\illiror
MoP (001) P 0.75 -0.166 -
MoP|S (001) P 1.0 0.048 0.015
FeP (011) P 0.25 0.133 0.094
Fe,P (100) Fe-bridge 0.50 —-0.123 0.024
CoP (101) Co-bridge 0.25 —0.085 0.047
Co,P (101) P 0.75 0.212 0.024
Ni,P (001) Ni-hollow  0.33 0.138 0.064
FeysCopsP  (101) Fe-Co- 0.25 0.004 0.029

bridge
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