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Abstract

Late transition metal phosphides have been reported to have high activity for catalyzing hydrogen evolution
reaction (HER), yet their active site and stability are not well-understood. Here we report systematic activity
and stability study of CoP for HER by combining electrochemical measurements for CoP nanoparticles
(NPs) with ex situ and in situ synchrotron X-ray absorption (XAS) spectroscopy at phosphorus and cobalt
K edges, as well as density functional theory (DFT) calculations. Colloidally synthesized CoP NPs showed
high HER activity in both acid and base electrolytes, comparable to previous work, where no significant
pH dependence was observed. Transmission electron microscopy-energy dispersive spectroscopy study of
CoP NPs before and after exposure to potentials in the range from 0 to 1.4 V vs. the reversible hydrogen
electrode (RHE) revealed that the P/Co ratio reduced with increasing potential in the potentiostatic
measurements prior to HER measurements. The reduced P/Co ratio was accompanied with the emergence
of (oxy)phosphate(s) as revealed by XAS, and reduced specific HER activity, suggesting the important role
of P in catalyzing HER. This hypothesis was further supported by DFT calculations of HER on the most
stable (011) surface of CoP and voltage dependent intensities of both phosphide and phosphate components
from P-K edge X-ray spectroscopy. This work highlights the need of stabilizing metal phosphides and
optimizing their surface P sites in order to realize the practical use of metal phosphides to catalyze HER in

electrochemical and photoelectrochemical devices.
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Research Highlights

- Phosphorus (P) leaches from CoP nanoparticles as phosphate (P°*) at potentials above 0.4 V vs.
reversible hydrogen electrode (RHE).

- CoP nanoparticles transform to (oxy)phosphates upon exposure to high voltages.

- Both phosphide (P*) and phosphate (P**) responded to applied potentials as shown by
synchrotron X-ray spectroscopy

- DFT results suggest that P is the active site for HER on CoP most stable (011) surface



Introduction

Efficient hydrogen production by water electrolysis is a crucial electrochemical reaction since hydrogen
is a key energy carrier having a large energy density [1]. Pt is considered as the most active electrocatalyst
for the hydrogen evolution reaction (HER) while practical application is hindered by its high cost and
limited supply. Over the last few decades, tremendous efforts have been made to explore new
electrocatalysts beyond Pt-based materials. Particularly, a few classes of materials have been studied as
potential alternative HER catalysts such as metal sulfides and selenides, which show high HER activity
(Table S1) [2-6]. Recently metal phosphides have gained renewed interest as alternative materials for HER
catalysts due to high activity compared to other non-precious metal catalysts and relatively low cost
compared to Pt [7-12]. Generally, metal phosphide show lower overpotential during HER (~55-170 mV at
10mA-cm?) than metal sulfide and selenides (~130-270 mV at 10mA-cm2, Table S1). However, unlike the
well-studied metal surfaces [13-18], the HER mechanism on metal phosphides is less understood, which is
essential for optimizing the catalytic surface in order to further improve the HER activity and stability of

metal phosphide catalysts.

On metal surfaces, Gerischer [19] and Parsons [20] have discussed the influence of binding on the HER
activity, where hydrogen binding must be neither too strong nor too weak for optimal activity according to
the Sabatier’s principle [21]. The first volcano trend with experimental data was later constructed by
Trasatti [22] who used the hydride enthalpy of formation as a proxy for hydrogen binding on the active site.
More recently, using density function theory (DFT), Nerskov and coworkers [23] have correlated
experimental exchange currents with calculated hydrogen adsorption energies on metals, where maximum
activity is obtainable when the free energy change of hydrogen adsorption is zero. Generally speaking, HER
on the metal site (M) in acid proceeds with an initial adsorption and discharge of H* (Volmer step) [24],
followed by either adsorption of H on M-H (Heyrovsky step) [25] or combination of two M-H groups (Tafel
step) [26]. If the combination of M-H is limiting, a Tafel slope of 29 mV/dec (at room temperature) can be
calculated from microkinetic analysis [27]. Adsorption of H* on M-H yields 39 mV/dec and if the initial
adsorption is limiting, 118 mV/dec can be expected, regardless of subsequent reaction steps [27]. In alkaline
electrolytes, some controversy exists whether H,O or H* participates in the Volmer and Heyrovsky steps
[15, 28]. Dusan et al. [29] and Herranz et al. [30] review interfacial, electrolyte and pH effects on HER on
metal surfaces in this Electrocatalysis Special Issue. We refer the reader to these contributions for an
overview of current developments regarding descriptors for metal catalysts and pH-dependent mechanisms

on metals.



Recently limited studies were reported on the volcano trend and optimal surface structures of the HER
in metal chalcogenides and metal phosphides [10, 31, 32]. Using a combination of experimental and
theoretical methods, the (101) surface of FeosCoosP was identified as having the highest HER activity
among metal phosphides due to nearly optimal hydrogen binding strength based on their volcano
relationship [10]. However, unlike the well-studied HER mechanism on metal surfaces, HER mechanism
on metal phosphides and chalcogenides is not fully understood. For layered metal chalcogenides [31],
adsorption of H on X-H (X= metal or S, Se) has been predicted by DFT as the most-likely reaction
mechanism. This “Volmer-Heyrovsky” mechanism is also supported by experimental Tafel slopes around
40 mV/dec, e.g. for MoSy [31]. However, for metal phosphides, Tafel slopes of 50-60 mV/dec are most
commonly reported [10, 33], which cannot be reconciled with the established reaction steps on metal
surfaces. Thus, further mechanistic studies are needed to understand the HER catalysis on metal phosphides.

Aside from catalytic activity, side reactions can affect experimental Tafel slopes. A highly undesirable
side reaction is electrochemical redox followed by dissolution of the produced species. Very recently DFT
studies of metal chalcogenides have shown an inverse relationship between H binding (activity) and HX
binding (stability) on the surfaces [31], suggesting that poor stability could be another important issue for
the development of metal phosphide as the highly active HER catalysts. Therefore, studying stability is also

required to optimize the conditions for HER catalysis using metal phosphides.

In this work, we provide new insights into the active sites and stability of CoP nanoparticles (NPs) for
HER through experiments and density functional theory (DFT) calculations. CoP NPs exhibit high HER
activity in both acid and base electrolytes. Unfortunately, exposure to potentials above 0.4 V vs. the
reversible hydrogen electrode (RHE) before HER reduces HER activity. Co-K edge X-ray spectroscopy
has revealed the emergence of (oxy)phosphates at positive potentials above 0.4 V vs. RHE. Furthermore,
P-K X-ray spectroscopy shows a voltage dependence of both phosphide and phosphate components,
indicating that P plays a vital role for HER catalysis. This critical role of P is further supported by DFT
calculations showing that the P site could be the active site for the HER. The insight in this paper provides
a framework for HER on metal phosphides and guidelines for the optimization of metal phosphide HER

catalysts.



Results and discussion

In this paper, CoP NPs were synthesized in two steps using a colloidal method similar to previous work
[7] (Figure 1a). Firstly, cobalt NP was synthesized by Co2(CO)s (dicobalt octacarbonyl) in 1-octadecene
injection into the solution of oleylamine, 1-octadecene, and nonanoic acid at 230 °C (see details in the
experimental section). Secondly, cobalt NPs were sequentially converted to CoP NPs through the reaction
with tri-octylphosphine (TOP) at an elevated temperature (~330 °C). X-ray diffraction (XRD) results
confirmed that these CoP NPs had an orthorhombic unit cell having space group of Pnma (Figure 1b),
where no secondary phase was detected. Transmission electron microscopy (TEM) images show that CoP
NPs have an average particle size of 18+3 nm (Figures 1c, 1d and S1), and Brunauer-Emmett-Teller (BET)
measurement shows a surface area of ~34 m?/g. Our CoP NPs have a semi-spherical shape, with a hollow
or thin core based on TEM images, which can be attributed to the nanoscale Kirkendall effect during the
transformation from cobalt to CoP as reported previously [34]. An amorphous layer on the surface of CoP
NPs was observed by high-resolution TEM (HRTEM, Figure 1d). The energy dispersive spectroscopy
(EDX) data taken on the amorphous surface layer (with a beam spot < 1 nm in diameter) showed a P/Co
ratio of ~0.6 with no carbon or oxygen signal. The amorphous shell could be some leftover reactant
adsorbed to the surface. Meanwhile, EDX showed that the pristine CoP crystalline particles have a P/Co
ratio of ~0.82, implying a deficiency of P from the CoP stoichiometry, which is also confirmed by XAS

results that will be discussed later.
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Figure 1 Synthesis and characterization of CoP NPs. (a) Schematic diagram of the two-step synthesis
route toward CoP NPs. (b) XRD pattern of pristine NP sample matches CoP with space group Pnma with

lattice parameters of a, b, and c as 5.08, 3.28, and 5.59 A, respectively (see details in experimental section)
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[35]. (c) TEM image showing relatively uniform particle sizes with a mean diameter of ~18 nm in size (see

histogram in Figure S1). (d) HRTEM image showing thinned centers of CoP NPs as compared to edge
regions.
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Figure 2 Cyclic voltammetry (CV) and Tafel plots for the HER of CoP NPs at different pHs with the
upper voltage limit of +0.1 V vs. RHE. (a) CV scans were performed at a sweep rate of 10 mV/s for CoP
NPs in acid (orange, 0.5 M H,SO4 and pH = 0.4) and in base (dark blue, 1 M KOH, pH = 14.0) with the
loading of 180 pgcor/CM?geo, as well as Pt NPs (grey, 0.5 M H;SO4 and pH = 0.4) with the loading of 20
ugp/cmM?geo for comparison (see details in experimental section). Tafel slope changes of CoP NPs show
distinct behaviors depending on pH in (b) acid (H.SO4) and (c) alkaline (KOH) solution. The error bars in
(b) and (c) represent the standard deviation of at least three measurements. (d) Starting from pH 12.7
electrolyte (black), after adding 0.22 M of K;HPO4 (red), the specific HER activity was increased and
became similar to the activity measured at pH 13.5 (blue). When coming back to the original pH 12.7
electrolyte without K,HPO, (grey), the activity also returned back to the initial value CV measurements
showed apparent pH-dependent activity in alkaline, which is more pronounced by scanning from high pH
to low pH (e) than from low pH to high pH (f), where the dashed arrow indicates the direction of pH changes
during the measurements. All the CoP loadings in this figure were 180 ug/cm?g.. All CV data were both
iR and background corrected.



CoP NPs were found to exhibit comparably high specific HER catalytic activities in acid (0.5 M H2SQO4)
and in base (1 M KOH), as shown in the cyclic voltammetry (CV) measurements in Figure 2a. Specific
activity of HER, which was estimated based on the BET surface area of CoP NPs, were greater than 100
uA/cm?ger and ~8 MA/ cm?y, at -0.15 V vs. RHE. When the same loading amount is used as the previous
work (0.9 mg/cm?ge,, Figure S2), the comparable geometric activity of our CoP NPs was observed to
previous work, which has ~20 mA/cm?g, at -0.1 V vs. RHE [7].

No significant pH dependence in the specific HER activity of CoP NPs in acid (H.SO.) nor base (KOH)
was observed, as shown in Figures 2b and 2c. Comparable activities with Tafel slopes of ~60 mV/dec were
found from pH 0.4 to 1.8 at low currents (< ~20 pA/cm3gr). At high currents in acid, the Tafel slopes
increased from ~60 mV/dec to ~200 mV/dec, which was most pronounced for pH 1.8. This increase of
Tafel slopes at high currents could be attributed to the local pH change during HER since the NP film and
electrolyte were quiescent during the measurement. With increasing pH in acid moving away from the pK,
of H;0*/H,0 (pKa = 0), the electrolyte buffering capacity for H;O* becomes weaker, and thus the local pH
on the CoP surface can differ from the bulk pH due to the local consumption of HsO" at high HER current
densities, which can result in the increase in the Tafel slope with increasing pH. On the other hand, with
increasing pH from 13.1 to 14.0 in basic solution (Figure 2¢), the Tafel slope was decreased from 111 to
66 mV/dec, which is accompanied with an increase of the specific HER current by one order of magnitude.
The observed increase in the HER current with increasing pH in basic solution can be attributed to
increasing buffering capacity at pH close to the pK, of H,O/OH" (pKa, = 14). This hypothesis is supported
by an experiment where adding 0.22 M of K;HPO, (pKa = 12.7 for HPO,*/P0O,*]) into the KOH electrolyte
with pH 12.7 increased the HER activity to a value similar to that measured at pH 13.5 (Figure 2d). Without
sufficient buffering to support HER, the local pH near the catalyst surface might be much higher than the
bulk pH in the electrolyte during the HER, which decreased the relative thermodynamic driving force
(overpotential) during the HER and therefore lead to lower HER current. The hydrogen evolution reaction

in alkaline solution can be written as following equation:
2H.0 + 2" — H, + 20H"

Although the HER activity of CoP was found stable at HER potentials (-0.1 V and -0.16 V vs. RHE) from
potentiostatic measurements (Figure S3), degradation in the HER activity of CoP might occur over time at
higher potentials. CV sweeps up to +0.1 V vs. RHE (Figure 2) could induce oxidation of CoP and reduce
the activity (further discussed later). Degradation over time and less buffering at lower pH could lead to
larger pH dependence when the measurements were performed from high pH to low pH (Figure 2e and S4).

On the contrary, when the activity was measured from low to high pH, the degradation of CoP NPs can



mask the gain in the HER current if any associated with greater buffering of the electrolytes at higher pH,

leading to negligible activity differences when varying pH (Figure 2f).
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Figure 3 Effects of potential exposure on the HER activity in Hz-saturated acid (0.5 H2SO4) or alkali
(0.3 M KOH) electrolyte. (a) Geometric current density from potentiostatic holding for 20 min and
subsequent HER activity measurements evaluated at -0.13 V vs. RHE in acid solution. The loading of CoP
was 180 pgcor/CMm?geo. (b) Specific HER activity in acid and base as a function of holding potential prior to
HER activity measurements. (c) P/Co and O/Co ratios obtained from TEM EDX analysis before and after
potentiostatic holding at various potentials for 20 min in basic solution (0.3M KOH). The error bars in (b)
and (c) represent the standard deviation of at least three measurements. HRTEM images of CoP after
potentiostatic holding at (d) -0.13 V and (e) 1.4 V vs. RHE. (f) Specific HER currents in alkali solution at
-0.13 V vs. RHE as a function of P/Co ratio obtained from TEM-EDX showing that higher P concentration
leads to higher specific HER activity. All specific HER currents were normalized by BET surface area.

HER activity of CoP NPs in acidic and basic solution was found to decrease with increasing potential
in the prior potentiostatic holding step. Oxidative current densities in the potentiostatic holding (for 20 min),
increased with potential, which is accompanied with subsequent reduced HER current density measured at
-0.13 V vs. RHE in both acid and base solutions, as shown in Figure 3a and S5. The figure 3a shows the
current changes in the sequential experiment of preconditioning step and HER evaluation step with various
preconditioning potentials. The CoP NP samples were stable for 30 min at HER operation conditions both

in acid and alkaline (Figure S3). Specific HER activity was found to reduce significantly at potentials



greater than 0.4 V vs. RHE in both acidic and basic solution (Figure 3b), which can be attributed to severer
oxidation of CoP at higher potentials. Therefore, this result suggests that controlling the operation potential
of CoP NPs is critical to prevent activity degradation and maintain its HER catalytic performance,
especially considering that the open circuit voltages of CoP NPs in H-saturated acidic and basic solution
are 0.3 and 0.7 V vs. RHE, respectively. Interestingly, the potential for significant loss in the specific HER
activity is lower in acid than that in basic solution, which might be attributed to dissolution of oxidized
species of CoP NPs. Dissolution at these potentials did not occur or was much slower in basic solution.

The reduction in the specific HER activity of CoP NPs in Figure 3a can be attributed to the loss of P in
the potentiostatic step at 0.4 V vs. RHE and greater. Through ex situ TEM EDX, the chemical compositions
were examined for the pristine CoP NPs and the NPs right after potentiostatic holding at various potentials
from -0.13 to 1.4 V vs. RHE in alkaline electrolytes. As shown in Figure 3c, in alkaline solution, CoP NPs
held at-0.13 and 0 V vs. RHE, had P/Co (solid circles) and O/Co (open circles) ratios comparable to pristine
CoP, indicating that CoP was stable up to 0 V vs. RHE. Further support came from HRTEM images, which
revealed that there was no noticeable NP shape change (Figure S6, >100 particles examined). However,
holding at 0.4 V vs. RHE and greater led to decreased P/Co and increased O/Co ratios collected from CoP
NPs, indicating gradual oxidation of CoP NPs by formation of (oxy)phosphate moieties. While no
significant morphological changes were noted for low potentials of potentiostatic holding such as 0.4 V vs.
RHE (Figure S6), CoP NPs held at 1.4 V vs. RHE were found to have smaller size (Figure 3e). The
morphology changes indicate that high potentials could lead to chemical transformation and structural
reconstruction. On the other hand in acid electrolytes, although holding at higher voltages (> 0.6 VV vs. RHE)
also lead to clear HER activity drop (Figure 3b), there is no clear reduction of P/Co ratios (Figures S7) from
EDX results. This likely resulted from the dissolution of the surface layer of CoP in acid electrolytes.
Therefore, the surface oxidation of CoP in acid electrolyte may lead to the decrease of total catalytic surface

area and the sequential decrease of HER activity, but does not change the surface chemistry noticeably.

Higher specific HER activity in alkaline solution was found to correlate strongly with increasing P/Co
ratio, as shown in Figure 3f. Additionally, Co,P NPs (Figure S8) exhibited activities falling into this
correlation trend. This observation implies that raising the ratio of P to Co is critical to achieve high specific
HER activity, which is in agreement with recent studies showing higher specific HER activity on P-rich
metal phosphides than on metal-rich phases [36, 37]. On the other hand, increasing the O/Co ratio (Figure
3c¢) was concomitant with reduction in activity (Figure 3b). CoP NPs held at 1.4 V vs. RHE with low P
content showed negligible HER catalytic activity (<0.005 mA/cm?ger). Therefore, the oxidized species

formed from CoP NPs are not responsible for the HER activity.
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Figure 4 XAS spectra and trends at the P-K and Co-K edges. (a) Ex-situ X-ray absorption near edge
structure (XANES) of the P-K edge at different preconditioning potentials showing spectral changes with
applied potentials in Hp-saturated 0.3 M KOH. The loading of all ex situ XAS samples was 360 pg/cm?geo.
The base lines used to determine peak areas are shown for the sample, held at 1.4 V vs. RHE and then
potential shifted to -0.12 V vs. RHE, as an example. (b) P*>* and P* peak area as a function of the potentials
applied before XAS measurements. Open triangles and open circles represent P> and P°* peak area,

respectively. The HER activities of the samples at -0.12 V vs. RHE and preconditioned at 0.4 and 1.4 V vs.
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RHE are labeled in green as 2.5, 2.3, and 1.0 mA/cmg,, respectively. (c) Fourier transformed (FT)
extended X-ray absorption fine structure (EXAFS) spectra of the Co-K edge obtained from in situ
measurements with a loading of 360 pgcor/Cm?ge in fluorescence mode showing emergence of a new Co-
Co vector (gray line). (d) Increasing abundance of the Co-Co vector at different voltages from the in situ
measurements (Voltage sequence: -0.2, +0.2, +0.4, +0.6, +0.8, +1.1, +1.4, +0.8, +1.4, +1.6, -0.2 V vs.
RHE ).

The electronic structures of CoP NPs with high and low HER activity (i.e. high and low P/Co ratio)
were contrasted by ex situ XAS at the P-K edge to gain insights into the origin of activity and instability.
Figure 4a shows the P-K XANES spectra of CoP pristine and after potentiostatic holding at select voltages
in 0.3 M KOH. Two peaks were observed, corresponding to the hybridization of P> 3p and Co 3d orbitals
in phosphides at ~2142.5 eV [38, 39], and that of P5* sp® with O 2p orbitals (t.*) such as PO,* anions in
phosphates at ~2150 eV [40]. The position of the P* peak was close to that of Co,P [38], which indicates a
slight P deficiency, while the P>* peak indicated oxidation of the pristine sample. The areas under these
peaks where further analyzed for samples prepared at one potential (same protocol as TEM/EDX
preparation) and samples prepared at a preconditioning potential followed by HER at -0.12 V vs. RHE
(Figure S9). Increasing the voltage from -0.12 (including 0.4 V/HER and 1.4 V/HER) t0 0.4V t0 1.4 V led
to higher intensity of the P°>* peak (Figure 4b and Figure S10). Since comparable areas were found for CoP
in the pristine state and held at 0.4 V vs. RHE, the voltage trend indicates that a phosphate-like species was
formed from CoP at high voltages and disappeared at low voltages, possibly by dissolving of phosphate
anions. As a result from this, the difference between the area of the P5* peak before and after HER (e.g. 0.4
V vs. 0.4 V/HER in Figure 4b) correlated with HER activity, where a small difference (0.4 V t0 0.4 V/HER)
lead to higher activity of 2.3 mA/cm?, as compared to a large difference (1.4 V to 1.4 V/HER ) for lower
activity of 1.0 mA/cm?,,. The magnitude of changes of the area under the P* peak was less prominent but
a clear monotonic decrease with pre-conditioning potential could be identified. Remarkably, HER did not
significantly change the area for pristine to -0.12 V and for 1.4 V to 1.4 V/HER. The change from the
sample held at 0.4 V to that first held at 0.4 V and then HER at -0.12 V vs. RHE appears to break this trend
but we caution that this potential marks the onset of CoP oxidation as determined by EDX (Figure 3c). It
should be mentioned that noticeable changes in the P-K XANES of CoP nanoparticles as a function of
voltage (Figure 4), suggest considerable changes in the compositions on the surface and bulk of CoP
particles, which is consistent with TEM results in Figure 3. To summarize, the amount of P*" species
increased at positive voltages vs. RHE, and decreased after shifting the potential to the HER voltages (e.g.

-0.12 V vs. RHE), while the P* species are less sensitive to the applied potentials.
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In situ Co-K edge measurements were performed in basic solution (0.3 M KOH) to elucidate the
structural changes during the oxidation process of CoP NPs. Figure 4c¢ shows that as the potential increased,
the peak intensity at ~2.9 A (reduced distance, ~ 3.1 A real distance) also increased, likely corresponding
to edge-sharing Co-Co octahedra in (oxy)phosphates such as LiCo,P3;010 and Co,P,0y [41, 42] (Table S2
and Figure S11). Pronounced oxidation of CoP NPs in basic solution at voltages greater than 1.4 V vs. RHE
is in good agreement with previous work on the formation of active metal-oxide surfaces from metal
phosphides for the oxygen evolution reaction [43, 44]. The (oxy)phosphate formation upon increasing the
potential matches the increased O/Co ratio based on EDX analysis (Figure 3c). Furthermore, the Co-Co FT
peak assigned to (oxy)phosphate increased as a function of in situ measurement time (Figure 4d), implying
that the (oxy)phosphate components cannot be reduced easily even under negative potential (-0.2 V vs.
RHE). We note that a short unavoidable open-circuit period (~ 0.7 V vs. RHE in 0.3 M KOH) after insertion
of the electrolyte caused the initial difference between the pristine sample (measured without electrolyte,
red curve in Figure 4c and red line in Figure 4d) and the FT peak height at the initial potentials (Figure
4c,d). These in situ Co-K edge XAS results indicate that cobalt (oxy)phosphate structure formation might
be time sensitive in KOH solution, leading to continuous degradation in addition to the voltage dependence
discussed above. In summary, the XAS experiments showed the formation of (oxy)phosphate(s) by Co-K
edge EXAFS and via the P5* peak in the P-K XANES, which corresponds to the PO, motif.
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Figure 5 Hydrogen adsorption free energy on different facets of CoP. Adsorption free energy is

calculated (a) on (011) and (b) on (101) surfaces. Insets in (a) and (b) show the top view of the most stable
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configurations on the corresponding surfaces. White, blue, and black atoms correspond to P, Co, and H,

respectively.

To gain insights in the nature of CoP active site for HER, we performed DFT calculations. We first
analyzed which facets are most likely exposed by the CoP NPs. Table S3 reports the computed surface
energies of different orientations of Pnma CoP low-index surfaces. The surface energy increases in the
order (011) < (101) < (111) < (001) = (010) < (110) < (100). On the most stable facets, the hydrogen
adsorption free energies were calculated at different sites (Figures 5a, 5b, and S12). It is interesting to note
that on the most stable surface the adsorption of hydrogen on the P site is almost thermo-neutral, as shown
in Figure 5a. This means that on the P site HER is thermodynamically more favorable than that on other
sites such as Co site or Co bridge, since the H intermediate binds neither too weakly nor too strongly (i.e.
Sabatier Principle) [10]. This thermo-neutral P site result suggests that the active site on a (011) surface is
P rather than the transition metal, which is conventionally assigned to be the active site. Noteworthy, a
different adsorption site is found on the (101) surface where hydrogen is in a bridging position between two
Co atoms, as shown in Figure 5b, which is in agreement with previous studies [10]. This site has a similar
adsorption free energy as compared to the P site on the (011) surface, suggesting that if this surface is also
exposed there will be a competition between different active sites at the different facets. It is interesting to
note that on this surface also other sites, like the P-Co bridge site, have adsorption free energies lower than
0.1 eV, suggesting that they could be potentially active. The presence of a variety of adsorption sites not
too far from each other (Figure S12) could help reducing the barrier for combination of two adsorbed
protons (Tafel step), which was shown to be exceptionally high (2 1.5 eV) on MoS; where a large distance
separates the hydrogen adsorption sites [31]. In general, the surface P site plays very important role in HER
either as the direct adsorption site or part of the bridging site, and therefore the specific HER activity of
CoxP would greatly depend on the surface P content. The DFT calculations corroborate the important role
of P for HER on CoP in agreement with experimental results showing the strong correlation between the

specific HER activity and the P/Co ratio (Figure 3e).

Conclusions

We have investigated the activity and stability of CoP for HER by electrochemical measurements, TEM,
EDX, ex situ and in situ XAS measurements, as well as DFT calculations. The HER activity of CoP is found
to be reduced with potentiostatic holding at potentials above 0.4 V vs. RHE. This activity loss was

accompanied by leaching of P and lowered Co/P ratio suggested by EDX results. The formation of
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(oxy)phosphate(s) emerges concomitant with activity reduction as indicated by the PO, (P%*) signal in P-K
edge XAS and confirmed by in-situ Co-K edge EXAFS. Furthermore, DFT calculations indicate surface P
could act as the active site for HER on CoP while P-K edge XAS suggest that it might be the P* species,
which is in contrast to traditional HER mechanisms on the metal site. Further studies are needed to provide
atomic insights into the active sites. Our results provide critical insights to the physical origin to HER

activity on metal phosphides and the need to improve the stability during operation.
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Experimental methods
CoP nanoparticle (NP) synthesis

CoP NP synthesis was carried out in an argon (Airgas, ultra high purity) atmosphere by employing
standard Schlenk line and glove box techniques. Acetone (=99.5%), isopropyl alcohol (=99.5%), hexanes
(=98.5%), oleic acid (99%), tri-n-octylphosphine oxide (TOPO, 99%), oleylamine (70%), tri-n-
octylphosphine (TOP, 97%) and 1-octadecene (90%) were purchased from Aldrich. Nonanoic acid (97%)
and Co,(CO)s were purchased from Alfa Aesar.

The synthesis of CoP NPs is slightly modified from the standard procedure [7]. An Argon fluxed flask
was filled with oleylamine (30 ml), 1-octadecene (50 ml), and nonanoic acid (10 ml). The solution was
heated to 120 °C and kept under vacuum for 1 hour. The 500 mg of Co,(CO)s dissolved in 1-ocadecene (22
ml) which is sonicated for 1 hour was slowly injected into the reaction solution at 230 °C. The solution was
kept for 10 mins and degassed oleic acid (10 ml) was injected into the reaction solution. After the reaction
progressed for another 10 mins, the heating mantle was removed and the reaction solution was cooled down.
The Co NPs were washed twice with hexanes/isopropyl alcohol and centrifuged. The Co NPs were

dispersed in 10 ml of trioctylphosphine (TOP).

To convert Co to CoP NPs, an Argon fluxed flask was filled with oleylamine (10 ml), 1-octadecene (5
ml), and TOP (15 ml). The solution was degassed at 120 °C for 1 hour under vacuum. The solution was
then heated to 330 °C and kept for 40 mins. The Co NPs dispersed in 10 ml of TOP were injected into the
reaction solution and the reaction was allowed to proceed for 90 mins. The solution was cooled to room
temperature by removal of the heating mantle. The NPs were separated by centrifugation and washed twice

with hexanes/acetone. The CoP NPs were dispersed in hexanes.

Electrochemical measurements

10 pl of NP solution with 3.5 mg/ml concentration were deposited on Ti foil (thickness: 0.25 mm, 99.75
from Aldrich) for electrochemical measurements. The actual area of NP film deposition was approximately
0.2 cm?. The NP film was heated to 450 °C and kept for 30 mins in a tube furnace under 5% H/Ar to
remove the surfactants on the NP surface. The removal of surfactant ligands is confirmed by Fourier
transform infrared spectroscopy (FT-IR) (Figure S13). The Ti foil except the area where NPs are deposited
was covered with chemically resistant paraffin wax (Aldrich). In base, glassy carbon was used for the

electrode instead of Ti foil due to the background currents from Ti foil in alkaline solution.
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Electrochemical measurements were carried out using a Biologic SP-300 unless otherwise noted. The
electrolyte solutions were prepared using deionized water (Millipore, 18.2 MQ cm) with KOH pellets
(99.99%, Sigma-Aldrich) for base and H.SO4 (97%, Sigma-Aldrich) for acid. The pH of the solutions was
controlled by changing the concentration of KOH from 0.05 to 1M for base and H.SO. from 0.01 to 0.5M
for acid. Saturated calomel electrode (SCE) and Pt with a glass frit were used as reference electrode and
counter electrodes, respectively. The SCE reference electrode was calibrated with respect to RHE.
Potentials were iR-corrected with the resistance obtained from electrochemical impedance spectroscopy
measurements. All measurements were conducted in Hj-saturated solution after 40 min of continuous
purging with H, (Airgas, high purity). CV scans were performed at a sweep rate of 10 mV/s. Glassy carbon
was used as the working electrode support in basic solutions as it had no background currents in KOH
solutions in the sweep range of -0.3 to 1.8 V vs RHE. Ti foil was used as a working electrode support in
acid. The HER currents of the samples loaded on Ti foils were corrected by subtracting the background
currents from blank Ti foils, where the background currents are roughly constant at the potentials below 0
V vs. RHE (Figure S14). In addition, the HER activity of Pt NPs was also measured for comparison. The
Pt NPs (46% wt% supported by Vulcan carbon) were purchased from Tanaka Kikinzoku, and were
dissolved in deionized water to make the catalyst ink. Then Pt NPs were drop-casted on a glassy carbon
electrode with the loading of 20 pgp/cm?geo. The CV scans were performed in Hp-saturated 0.5 M H,SOy4 at
10 mV/s, with a rotation speed of 1600 rpm.

Transmission Electron Microscopy and X-ray Diffraction

HRTEM was performed on a JEOL 2010F microscope operating at 200 keV, which is equipped with
ultrahigh resolution polepiece and has a point resolution of 0.19 nm. The HRTEM samples for both pristine
and after measurements were collected by scraping the particles off from the NP films using a TEM Cu
grid. X-ray diffraction patterns were collected using a Rikagu Smartlab with Bragg-Brentano geometry. No
bulk transformation was found after air exposure for three months (Figure S15). The digital images were
analyzed using Gatan Digital Micrograph v2.01 (Gatan Inc.). Parallel-beam EDX was collected and the
atomic compositions were determined using INCA (Oxford Instruments) software. For each sample, at least
three different particles were used to collect the bulk chemical compositions, while three different spots
with a diameter of ~ 1 nm at the particle edges were used to collect the surface chemical compositions.
Error bars in all EDX data represent the standard deviation of the results on multiple spots. An example

EDX spectrum is shown in Figure S16.
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X-ray absorption spectroscopy

P-K and Co-K XAS was collected in fluorescence yield mode using a 4-element Vortex SDD detector
in a helium atmosphere at the 9-BM-B beamline station (Advanced Photon Source). A double
monochromator (Si-111) was used to scan the energy axis, which was calibrated by setting the first
inflection point in the spectra of P2Os to 2149 eV and Co foil to 7709 eV. All spectra were normalized by
the incident beam intensity obtained from an ionization chamber. Further normalization included fitting of
a straight line to the pre-edge region and subtraction thereof over the whole scan range. The Co-K spectra
were further normalized by division of a 2" order polynomial fitted to the post-edge, while the average
intensity between 2175 and 2177 was set to unity for P-K spectra. Peak areas were extracted after
subtraction of a linear baseline using the peak analyzer function in Origin. At least two spectra were
recorded of each sample or condition to exclude beam drifts at the P-K edge and photo-damage at both
edges. Operando experiments at the Co-K edge were performed with a home-made electrochemical cell
(Figure S17) having a 100 pum thin glassy carbon working electrode, graphite counter electrode with area
equal to the working electrode and a Harvard Instr. Ag/AgCI reference electrode (Figure S17). A CH
Instruments potentiostats was used for in-situ measurements, where the following sequence of voltages was
applied: -0.2, +0.2, +0.4, +0.6, +0.8, +1.1, +1.4, *, +0.8, +1.4, +1.6, -0.2 V vs. RHE. The electrolyte was
replaced where marked by an asterisk. The cell was at OCV for a short period of time at the beginning of
the experiment and after refilling the electrolyte; no data was taken during the OCV period.

DFT calculations

The surface energies and hydrogen adsorption properties were computed by means of density functional
theory (DFT). We used a periodic approach, plane wave basis set (with cutoff set to 270 eV) and PBE
exchange-correlation functional [45] as implemented in the VASP code [46, 47]. Core electrons were
described with the Projector Augmented Wave (PAW) method [48]. The optimized Pnma lattice parameters
(5.06 A, 3.27 A, 5.54 A) of bulk CoP were used for the calculations. The reciprocal space was sampled
with a (6x10x6) Monkhorst-Pack mesh for bulk calculations and equivalent meshes for surface calculations.
The surfaces were described with slab models of about 20 A thickness for the surface energy calculations
and four CoP layer thickness for the H adsorption, which were verified to give converged results. The slabs
were separated by at least 10 A of vacuum and a dipole correction was applied in order to eliminate the
residual dipoles in the direction perpendicular to the surface. The zero point energies and H., entropic

contributions where estimated by vibrational analysis.
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Table S1. Summary of the HER performance of representative metal phosphide, sulfide and selenide

catalysts.
n10 )
Catalyst n;] Aa TC}’T'IO'Z T(?;il/ /%Igcge (h@im% Electrolyte Reference
(mv)
88 48 0.9
CoP Nanoparticle 160 60 0.175 05 M HzS0 This work
170 66 0.175 1 M KOH
CoP Nanowire array 67 51 0.92 0.5 M H2S04 [1]
CoP Nanoparticle/CNT 122 54 0.285 0.5 M H2S0q4 [2]
CoP Nanopatrticle 70 50 0.9 0.5 M H2S04 [3]
Co2P Nanorod 134 71 1 0.5 M H2S04 [4]
MoP Nanoparticle 125 54 0.36 0.5 M H2S0q4 [5]
MoP Nanostructure 135 54 0.86 0.5 M H2S0Oq4 [6]
MosP Nanostructure 500 147 0.86 0.5 M H2SO4 [6]
58 45 0.5 M H2S04
FeP Nanorod array 202 71 ~15 1 M PBS [7]
218 146 1 M KOH
FeP Nanowire array 55 38 3.2 0.5 M H2S0q4 [8]
FeP nanorod array 85 60 0.6 0.5 M H2S0q4 9]
Vertically :I/ilg(;;)r?:d nanofilm 168 44 0.12 0.5 M H2504 [10]
BicontinlrJAooussznetwork 220 50 mg/(c)ng 0-5 M HaS0x [11]
FeS2 Thinfilm N/A 56.4 N/A 0.5 M H2S04 [12]
FeS2 Thinfilm 270 62.5 N/A 0.5 M H2S04 [13]
Feo.4C00.6S2 Thinfilm 190 55.9 N/A 0.5 M H2S04 [13]
Feo.48C00.52S2 Thinfilm 196 47.5 N/A 0.5 M H2S04 [12]
CoS2 Thinfilm 230 44.6 N/A 0.5 M H2S04 [13]
CoS2 Thinfilm 192 52 N/A 0.5 M H2S04 [12]
CoSz Nanowire 145 51.6 1.7 0.5 M H2S04 [14]
NiS2 Thinfilm N/A 48.8 N/A 0.5 M H2S04 [12]
FeSe: Thinfilm N/A 65.3 N/A 0.5 M H2S04 [13]
CoSez Thinfilm 230 42.4 N/A 0.5 M H2S04 [13]
CoSe2 Nanoparticle on C fiber 137 421 2.5-3.0 0.5 M H2S04 [15]
CoSe amorphous thinfilm 135 62 3 0.5 M H2S04 [16]
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Table S2. Cobalt (oxy)phosphates and select Co-Co distances.

Chemistry space group Co-Co Co-Co Reference
LiC02P3010 P 21/m 309  4.97 [17]
LiC02P3010 P 21/m 3.13 [18]
Co2P207 A2/m 3.28 3.46 [19]
Co2P207 P21/c 315  3.24 [20]
CoP4Ou1 P21/c 7.09 [21]
Co3(PO4)2 H20 P21/c 331 3.08 [22]
Co2P2012 2H20 P 21/c 3.21 3.19 [23]
Co3(PO4)2 H20 P21/c 3.56 [24]
Co207P2 P21/c 3.15 4.93 [20]
Co3(PO4)2 2H20 P21/c 2.87 3.59 [25]
Co3P2010 P 21/n 358  2.87 [26]
Co2P207 6H20 P 21/n 5.15 5.38 [27]
Na2Cos(POx4)s P 21/n 3.16  3.67 [28]
NaCoPO4 P21/n 4.81 4.6 [29]
Co(H2PO4)2 2H20 P21/n 5.33 [25]
Co3(P0Oa)2 P 21/n 3.7 3.16 [30]
Co3(PO4)2 2H20 P 21/n 3.56 2.86 [26]
Li1865COP207 P21/a 318 3.5 [31]
Li2.03C01.97P4014 P 21/a 3.2 3.17 [32]
Co2P207 P 21/a 324 3.44 [33]
Co3(PO4)2 P21/b 361  3.32 [34]
CosP4018 2H20 141/amd 2.64 5.27 [35]
CosH20 (H2PO2)2 141/acd 7.26 [36]
Co3(PO4)2 2H,0 P 21/n 358  2.87 [26]
NaCoPO4 P 65 3.63 4.86 [37]
CosP2010 2H20 P212121 331 317 [38]
Lis.88C05PgO28 P-1 3.25 [39]
Co7P6022 2H20 P-1 3.62 3.18 [40]
CoP2010 F-43m 7.23 [41]
H16C0oP2010 F-43m 7.23 [41]
CoH3PO4 Pca2l 3.61 3.15 [42]
HsCo2P2011 Pcab 3.66 3.18 [43]
LiCoPO4 Pnma 382 554 [44]
LiCoPO4 Pnma 3.83 5.54 [45]
Co3(P0Oa)2 4H20 Pnma 5.67 5.32 [46]
NaCoPO4 Pnma 3.39 5.1 [37]
CoPOq4 Pnma 3.7 [47]

NasCo7PsOz24 Cm 33 36 [48]




Table S3. Computed surface energies (y) for the low index surfaces of Pnma CoP. y = (Esiap-NEbuik)/2S,
where Egap is the total energy of the surface slab, Epui is total energy per formula unit of bulk CoP, n is the
number of formula units in the slab and S is the surface area.

orientation ¥ (J/m?)
(100) 2.15
(010) 1.66
(001) 1.66
(110) 1.84
(101) 1.43
(011) 1.23
(111) 1.49
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Figure S1 Histogram of the diameter distributions of CoP nanoparticles (NPSs).

0 L
10}
£ -20t
<
E 30}
~

401t CoP
! (0.9 mg/cm?)

_5 1
-8.15 -0.10 -0.05 0.00
E-iR (V versus RHE)

Figure S2 CoP sample with 0.9 mg/cm? loading in this work shows similar activity (~20 mA/cm? at -0.1 V

vs. RHE) to previous report.[3] CV scans were performed at a sweep rate of 10 mV/s with the upper voltage
limit of +0.1 V vs. RHE.
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Figure S3. Geometric current density from potentiostatic holding for long time. (a) No significant
degradation is observed in the CoP sample held for 30 min in acid (0.5M H;SQOy) at -0.1 V vs. RHE. (b)

The sample in the alkaline (0.3M KOH) solution also show no significant degradation for 1 hour at -0.16
V vs. RHE. The loading of CoP was 180 pgcor/Cm?geo.
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0.0
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Figure S4 Cyclic voltammetry (CV) for HER of CoP NPs in different KOH electrolytes. In addition to the
data presented in Figure 2d, another experiment of CV scans were performed in alkaline from high pH to
low pH, showing a comparable trend to that in Figure 2d. The loading of CoP was 180 pgcor/cm?. CV scans
were performed at a sweep rate of 10 mV/s with the upper voltage limit of +0.1 V vs. RHE.
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Figure S5 Geometric current density of potentiostatic holding at various potentials (0, 0.2, 0.4, 0.6, and
0.8 V vs. RHE) for 20 min and subsequent HER activity measurements evaluated at -0.13 V vs. RHE in

acid solution (0.5 M H2SO4). The loading of CoP was 180 ugcor/cm?.
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Figure S6 TEM images of CoP NPs. The sample labeled as “pristine” displays the pristine CoP NPs
showing amorphous layer on the surface of NPs. The sample held at -0.13 V vs. RHE is labeled as HER
and it does not show significant difference from the pristine sample. 0.4 V sample also does not show
significant changes in their shape and size. The sample preconditioned at 1.4 V shows smaller size and less

defined shape.

S8



N
(=]

—_
(&)}
T

Atomic Ratio
o =N
” o
HOH
HOH  HBH
—&—
HOH
HOH

o
o

Pristne  HER 0OV 0.4V 1.4V
Samples

Figure S7 P/Co and O/Co ratios obtained from TEM EDX analysis before and after potentiostatic hold at
various potentials for 20 min and then measured HER at -0.13 V vs. RHE in acid solution (0.5 M H,SO.).
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Figure S8 XRD and TEM results of Co,P NPs. (a) XRD pattern of Co.P NP sample is matched Co,P
reference pattern (orange bars, JCPDS 32-0306) (b) TEM image of Co,P NPs shows ~14 nm hollowed NPs.
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Figure S9 Samples for ex situ XAS measurements. Geometric current density from potentiostatic holds and
subsequent HER activity measurements evaluated at -0.13 V vs. RHE in 0.3 M KOH solution for ex situ
XAS measurements.
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Figure S10 P> peak intensity is plotted as a function of final potential. Solid circles represent the samples
controlled at -0.12, 0.4, and 1.4 V vs. RHE. The open circles represent the samples preconditioned at 0.4,
1.4 V and open circuit and sequentially held at -0.12 V vs. RHE. The inset shows the zoom in of the data
points near -0.12 V vs. RHE.
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LiCo4P;0,,

Figure S11. Select cobalt (oxy)phosphates (a,b) with and (c,d) without edge-sharing Co-Co octahedra at
3.1 A. Further (oxy)phosphates may be found in Table S2.
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Figure S12. Schematic representing the hydrogen positions for the initial configurations considered (a and
b) and for the final configurations obtained upon optimization (c and d) on the (011) and (101) surfaces of
CoP. The adsorption free energies of the optimized configurations are reported. The calculations are
performed at the coverage of one hydrogen atom per unit cell. (1x1) and (2x1) surface supercells are used
for the (011) and (101) surfaces, respectively.
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Figure S13 Fourier transform infrared spectroscopy (FT-IR) spectra of as-prepared CoP NP sample (green)

and the identical sample after heating treatment at 450 °C for 30 min showing that organic surfactants are
removed after the heating treatment.
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Figure S14 Examples of iR and background corrections. The loading of CoP was 180 pgcor/cm?. CV
scans were performed at a sweep rate of 10 mV/s with the upper voltage limit of +0.1 V vs. RHE.
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Figure S15 XRD patterns of both pristine and aged NPs, which match CoP phase (JCPDS 65-1474).
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Figure S16 Example EDX of CoP after HER measurement in 0.3 M KOH.
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Photon in

Figure S17 Design of the in-situ electrochemical cell. The electrochemical cell has a glassy carbon working
electrode, graphite counter electrode with area equal to the working electrode and a Harvard Instr. Ag/AgCI
reference electrode.
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