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ABSTRACT: Low cost, high-efficiency catalysts towards water splitting are urgently required to fulfil
the increasing demand for energy. In this work, low-loading (< 20 wt.%) Ni-confined in layered metal
oxides anode catalysts (birnessite and lepidocrocite titanate) have been synthesized by facile ion ex-
change methodology and subjected to systematic electrochemical studies. It was found that Ni-
intercalated on K-rich birnessite (Ni-KMO) presents an onset overpotential (7onset) as low as 100 mV
and overpotential at 10 mA cm™ (#750) of 206 mV in pH=14 electrolyte. By combining electrochemical
methods and X-ray absorption and emission spectroscopies (XAS and XES), we demonstrate Ni sites
are the active sites for OER catalysis and that the Mn>" sites facilitate Ni intercalation during the ion-
exchange process, but display no observable contribution towards OER activity. The effect of the pH
and the nature of the supporting electrolyte on the electrochemical performance were also evaluated.

1. Introduction

The availability of a carbon neutral sustainable energy supply has become remarkably urgent in recent decades. Electrochem-
ical water splitting, using renewable energy sources, offers an attractive route to chemical energy storage. However, one of
the current limitations for the implementation of this technology is related to the inefficiency of the oxygen evolution reac-
tion (OER) catalyst.*® Metal oxide catalysts based on precious metals such as IrO, and RuO, have been commonly used.
However, their high cost and low abundance is a significant hindrance. Therefore, in the last decade there has been an enor-

mous effort from the scientific community towards the development of inexpensive and earth-abundant OER catalysts.*®
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Amongst a number of different catalysts reported, layered metal oxide/hydroxide nanoparticles of earth abundant elements
are of particular interest in electrochemical water splitting. Compared with the more typically employed RuO, and IrO, elec-
trocatalysts, the M-based oxides/hydroxides (M= Ni, Co, Fe, Mn), as well as their oxyhydroxide and double metal hydrox-
ides, are attractive as they possess extremely high surface areas, providing a large number of exposed active sites, and en-
hanced electronic conductivity after exfoliation.’>** Such layered oxide/hydroxides consist of MOg host layers stabilized by
charge-balancing ions accommodated into the interlayer spacing. The M-O layers fulfill both roles of skeleton, for architec-
ture, and active sites, leading to insufficient atomic efficiency. To enhance the performance and efficiency of these catalysts
previous reports have presented the preparation of ultrathin two-dimensional (2D) nanosheets, aiming at the exposure of
more active sites.>® Improving the atomic efficiency of active atoms, such as Ru, Ir, Ni or Co, is economically attractive for
large-scale industrial applications.>™® In the literature a variety of strategies have been implemented, including synthesis of
nanoclusters and even single atoms anchored on carbon-based and metal oxides-based supports.”*® Although, to date, very
little attention has been dedicated to the ions in the channels formed between the 2D layered oxide structures. Catalytic ions
in between the layers can be arranged in-plane and immobilized by the opposite charge of the 2D host layer (Fig. 1a)."° The
2D channels fundamentally act as ideal electrochemical nanoreactors providing ample interlayer spacing for free transporta-
tion of reactants and products and confinement of the under-coordinated active atoms.?* *° Previous work by Thenuwara et al,

show that Ni-intercalated on birnessite is a potential catalyst for the OER at pH=14. *°

An important parameter affecting the electrochemical performance of catalysts during the OER is the pH. It is well known
that the pH and composition of the electrolyte have a significant impact on the performance and durability of the catalyst
during the OER. Establishing correlations between pH and measured voltammetric profiles facilitates the deduction of the
active sites for OER and the evolution of adsorption/desorption processes and species on the surface. Takashima et al. re-
ported that the instability of active Mn** at pH < 9 is the key factor in the observed poor activity of 5-MnO, toward the OER,
which requires additional potential to electrochemically oxidize Mn?* to Mn**.?! Koper’s group proposed the surface depro-
tonation mechanism of NiOOH during OER catalysis based on the pH sensitivity observed.*” With that in mind, the catalytic
activity of confined catalysts in layered structures, where reactant diffusion is rigorously restricted, would be strongly

affected by the pH dominated deprotonation kinetics.

The manuscript describes the synthesis and full characterization of Ni ions confined to the inter-layer space in 2D layered
MnO nanoparticles prepared via a facile ion exchange strategy using NiCl, as a precursor. The characterization of the mate-
rials using XAS/XES provided comprehensive understanding of the role of Mn®" in the Ni intercalation process, the oxida-
tion state of the species and the different Ni coordination/structures obtained for Ni-KMO and Ni-HMO. We demonstrate the

catalytic activity towards the OER and the long term durability of the catalyst. In addition, we also present the reaction



mechanism for the OER on the Ni-confined catalyst based on an exhaustive study of the catalyst under different conditions,

e.g. pH and scan rate.
2. Results and discussion
2.1 Characterization of Ni-confined KMO

Ni-exchanged K 4sMnO, (Ni-KMO) was prepared by mixing K-rich birnessite (K, 4MnQ5;) and NiCl, solution at ambient
temperature, as described in the experimental section (Supporting Information). Fig. 1b presents the XRD patterns of the as-
prepared KMO and after Ni exchange. From the XRD pattern it was determined that the K-birnessite possessed a layered
structure with an interlayer spacing of 0.69 nm (AMCSD 0001302).%® The same layered structure was retained after the Ni
exchange process, with XRF measurements suggesting that Ni cations partially replaced K ions in the interlayer spacing
(Table 1). Such intercalation resulted in the enlargement of the interlayer distances (001) and (002) along the c axis, demon-
strated by the decrease in 26 values for those diffraction signals at 26 = 12.43° and 24.84°. The SEM (Fig. 1c) and STEM
images (Fig. 1d,e,g-i) of Ni-KMO show plate-like nanoparticles with facets with dimensions between 300 - 400 nm with
near-identical morphology to that of KMO (Fig. S1). The bright field (BF) and high angle annular darkfield (HAADF) imag-
es in Fig.1le and f show a single nanoparticle comprising stacked layers of KMO. In Fig. 1d, the selected area diffraction
(SAD) pattern shows a splitting of the reflections, which can be interpreted as an in-plane rotation of 4.5° (marked at the Ni-
KMO (110) reflection) between two sets of layers in the nanoparticle. The HAADF-STEM image in Fig. 1h suggests that the
Mn-O framework retained a layered structure, which is consistent with the XRD results. In addition to the Ni atoms inserted
into the interlayer channels, aggregation of Ni at the edges of the nanoplate crystals, generating a few nanometer-thick region,
is observed in the HAADF images and EDS elemental maps (Fig. 1i (contrast the Ni and Mn HAADF images) and Fig. S2-
3). The additional XRD signals observed for Ni-KMO at 37.4° and 43.4°, which can be assigned to (111) and (200) of NiO

(JCPDS 73-1519), are in agreement with STEM results.
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Figure 1. (a) Schematic illustration of the impact of Ni intercalation into layered K-birnessite manganese oxide. (b) X-ray

diffraction patterns of Ni-KMO and pristine KMO. (c) SE-SEM image of Ni-KMO nanoplates. The particle size distribution
histogram is inset. (f) SAD diffraction pattern (ZA= [001]ni.kmo) Of particle in (e). (e) Bright field (BF) and (f) HAADF-
STEM images of Ni-KMO nanoparticle seen along [001]. zone axis (ZA). HAADF-STEM images (g), and (h) enlarged Ni
agglomeration at the edge of a Ni KMO nanoplate. (i) HAADF-STEM image of single Ni-KMO nanoplate with correspond-

ing EDS elemental mapping.
2.2 XAS analysis

The adsorption energies of *OH and O* are predominantly dependent on the electronic configuration of the Ni surfaces.?*
Therefore, the local environment of the Ni sites and associated species determine the corresponding electrochemical activity
of these materials. X-ray absorption spectroscopy (XAS) was implemented to determine the oxidation state and coordination
enviroment of Ni and the Mn-oxide host structure and to enable correlation of these parameters with the underlying OER

performance of Ni-KMO. The characteristic XANES spectra of metallic Mn, standard Mn-oxide compounds with oxidation



states spanning the range Mn*? to Mn** and the synthesized X-K(H)MO nanoplates (where X=H or Ni) are presented in Fig.

2a.
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Figure 2. Normalized XANES spectra measured at the (a) Mn K-edge and (b) Ni K-edge for KMO, H(K)MO, Ni-KMO, Ni-
HMO and Ni-HTO catalysts, in addition to relevant standard oxide compounds and metal foils. References, represented by

dashed lines, are shown for comparison.

The edge positions, determined by the maximum of the first derivative, for Mn foil, MnO, Mn3;0,4, Mn,03; and MnO, were
observed at 6539.0, 6544.2, 6546.7, 6547.7 and 6552.5 eV, respectively, in agreement with existing literature values.**?’ The
measured edge positions for KMO, H(K)MO and Ni-KMO and Ni-HMO were 6549.3, 6550.3,6549.6 and 6552.0 eV, respec-
tively. The normalised absorption pre-edge features of the manganese oxide derivatives and relevant Mn K-edge reference
oxide compounds are presented in Fig. S4. An increase in pre-edge peak energy is observed with an increase in Mn oxidation
state (Fig. S4a). The nature of the pre-edge features of the spectra at the Mn K-edge suggest that there is a contribution from
Mn?*, Mn** and Mn*" to the overall structure and the intermediate mean Mn oxidation state is between +3 and +4. Thus, X-
ray emission spectroscopy (XES) was employed to obtain more accurate Mn oxidation state information. The measured XES
spectra and corresponding fits, a function of the sum contributions of the standard Mn"* oxide compounds, are presented in
Fig. S5. The mean Mn oxidation state of pristine KMO was determined as +3.9 (Table S1). A decrease in mean oxidation
state was observed upon cation exchange with both H* and Ni?*, with the greatest decrease observed for H(K)MO. The frac-

tion of Mn** is effectively the same for Ni-KMO and KMO, while the Mn** fraction decreases upon Ni-exchange. This sug-
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gests that Ni** intercalation is more favorable at those Mn®" sites, which are commonly accompanied by defects that contrib-
ute to the overall negative charge of Mn-O layers.? The defects with higher Gibbs energy favor the ion exchange reaction of
K with Ni. The concentration of Mn** increases significantly in H(K)MO relative to KMO, thus more Ni cations were inter-

calated into Ni-HMO, as confirmed by the XRF analysis (Table 1).

The characteristic XANES spectra measured of metallic Ni, Ni-oxide reference compound, Ni-KMO, Ni-HTO and Ni-HMO
are presented in Fig. 2b. The edge position of the Ni foil and NiO reference were determined as 8333.0 eV and 8345.2 eV,
respectively. The absorption edges of Ni-KMO, Ni-HTO and Ni-HMO were determined as 8345.3, 8345.9 and 8346.0 eV
respectively, suggesting a Ni oxidation state of +2. For Ni-KMO the XANES spectrum appears identical to that of the NiO
reference, indicative of the presence of NiO structure in Ni-KMO. While slightly different spectrum of Ni-HMO compared to
Ni-KMO suggesting a different Ni®* structure, as confirmed by the fitted EXAFS results below. There are no significant dif-

ferences in pre-edge features observed at the Ni K-edge (Fig. S4b).
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Figure 3. EXAFS FTs of k¥¢(k) functions for KMO, H(K)MO, Ni-KMO, Ni-HMO and Ni-HMO nanosheets and standard

oxide reference compounds at (a) Mn K-edge and (b) Ni K-edge. References are shown for comparison.

The Mn K-edge EXAFS Fourier transforms (FTs) of the synthesised KMO, H(K)MO, Ni-KMO and Ni-HMO nanosheets
and reference samples are presented in Fig. 3a. The first peak at ~1.5 A (not phase shift corrected) is due to the Mn-O scat-
tering and the second peak at ~ 2.5 A (not phase shift corrected) is due to Mn-Mn/Mn-Ni scattering (Tables S2 & S3 & S6).
The two Mn scattering distances are generated by the two distinct Mn birnessite lattice sites: edges and face-centers. The Ni

K-edge EXAFS FT of Ni-KMO is near-identical to the NiO reference compound. The first shell coordination at ~1.7 A (not



phase shift corrected) corresponds to Ni-O whilst the second shell coordination at ~ 2.6 A (not phase shift corrected) corre-
sponds to Ni-Ni scattering (Table S4). The relative amplitude of the second shell peak for Ni-KMO compared to NiO sug-
gests that the former comprises NiO nanoparticles. This is not the case for Ni-HTO and Ni-HMO, where the relative ampli-

tude of the second shell peak differs from that of NiO, suggesting the formation of a different structure (Tables S5 & S7).

In summary, the ex-situ XAS/XES results clarify the importance of Mn®* on the Ni-exchange intercalation. The Ni-content in
each of the samples is proportional to the concentrations Mn®* sites. For all the prepared samples, Ni is present in the oxida-

tion state (+2), but different Ni coordination/structures were obtained for Ni-KMO and Ni-HMO.
3. Electrochemical performance of Ni-confined catalyst on KMO
3.1 Evaluation of the electrochemical activity and durability

The catalytic activity of Ni-KMO was evaluated over the pH range 8 — 14, to provide both assessment of the activity of the
electrocatalysts for the OER and enable deeper understanding of the mechanism behind this activity. Fig. 4a-c show the sta-
ble iR-corrected voltammetric profiles of the Ni-KMO catalyst as a function of the pH, with the voltammograms shown be-
ing those obtained after 30 consecutive cycles; the evolution of the curves over the 30 scans is presented in Fig. S10. Current
densities are reported as mA cm™ normalized by the geometric area of the electrode. As can be seen, the OER onset overpo-
tential (7onset) iNCreases with decreasing pH, from 130 mV at pH 14 to 220 mV at pH 12. (Note that all voltammetric respons-
es are reported vs. RHE and, thus, differences are not attributable to changes to the potential of the reference electrode.) At
the same time, the overpotential at 10 mA cm (i7,0) was 240 mV at pH 14, which is significantly smaller than the 7,0 = 1090
mV observed at pH 12. The marginal difference in measured #,nset @and sharp contrast at 7, confirm the lower reaction rate of

the OER at lower pH due to the lower concentration and availability of OH". Fig. 4b summarizes the observed trends.

The redox activity of the confined Ni clusters is evident in the voltammograms as a quasi-reversible peak in the region be-
tween 1.2 - 1.5 VV was observed at pH 14 and 12 (Fig. 4c). This peak has previously been ascribed to the Ni** < Ni** couple
of Ni based catalysts.™ ?* % |nterestingly, at pH=14 the oxidation peak of Ni** — Ni** appears at 1.24 \, which is signifi-
cantly more cathodic relative to previous reports in the literature (~1.4 V vs. RHE on carbon electrode). This unusual cathod-
ic shift of oxidation peak to 1.24 V is beneficial for subsequent catalytic oxygen evolution. As seen in Fig. 4c, a direct rela-
tionship between the position of the Ni** — Ni** oxidation peak on the Ni-KMO and the OER onset potential was observed
as a function of pH. Increasing the pH of the solution from 12 to 14 results in the shift of the Ni** — Ni** oxidation peak
together with a shift of the onset potential of OER towards less positive potentials. This is a clear indicator that the Ni** are
active sites for the OER. Moreover, the correlation between redox peaks and OER activity over multiple cycles is shown in
Fig. S10. At any one pH, the Ni** — Ni** oxidation peak shifts cathodically and the OER current density increases as a func-

tion of the number of cycles, confirming the role of Ni** — Ni*" transformation on OER catalysis. This behavior is in agree-
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ment with previous work that established the relationship between the peak position of the redox couple on Ni-Fe(OOH) and

the OER catalytic activity.®

Since the OER catalytic activity is directly correlated to the nature of the Ni centers, understanding the redox peak of the Ni
in the cyclic voltammograms may contribute to greater understanding of the reaction mechanism as well as in the develop-
ment of better catalyst. Voltammetric profiles of the Ni%*/Ni** redox peaks were recorded at different pHs (Fig. S11). At
pH=14 the presence of two discrete processes, Ox1/Rel and Ox2/Re2, were observed. Previous reports assigned the process
Ox1 < Rel to the phase transition a-Ni(OH),/y-NiOOH, while the process labelled Ox2 < Re2 has been associated with the
transition of 8-Ni(OH), to the active phase f-NiOOH.**? A schematic illustration of the phase transitions is presented in
Fig. S12. When the pH is decreased to 13, only one oxidation peak is observed (Ox1) and the peak labelled Re2 shifts to-
wards more positive potentials and its current density decreases (Fig. S11). At pH=12, the Re2 peak is not observable and
only the redox peak Ox1/Rel is visible. The absence of the f-NiOOH transformation at pH=12 was accompanied by a signif-

icant reduction in measured OER activity.

To explore the underlying mechanism, we thoroughly examined the relationship between the Ni?*/Ni** redox peaks and the
scan rates. The linear relationship between peak current density and scan rate at pH=14 was indicative that the surface reac-
tion kinetics were dominated by charge transfer steps, whereas the linear relationship between peak current density and the

square root of the scan rate at pH=12 was indicative that the diffusion limitation was the dominating factor (Fig. S13).

The charge associated with the redox peaks as function of the pH is also shown in Fig. 4d, Fig. S14. As can be seen, opposite
to the literature,* the charge associated to the redox peak of Ni**/Ni** increases as the pH decreases. We further explore this
phenomenon by analyzing the charges of the redox peak at pH=12 and pH=14 as a function of the number of cycles. Fig.
S15 shows the comparison between the charge of the redox peaks of the 1% scan and 30™ scan for the different pHs. The first
observation is that slightly larger charges are observed at pH=14 and pH=13. As can be seen, the charge of the oxidation
peak increases after electrochemical cycling across the pH range explored. However, the increase of the charge of the redox
peak is significantly larger at pH=12 and after 30 cycles. Charge of the redox peak at pH=12 (399 uC) is 1.89-fold that of the
same peak at pH=14 (211 puC). According to the discussion above, and the XAS results (section 2.2) the Ni-clusters interca-
lated between the KMO layers must undergo an “activation process”, which is attributed to a phase transformation of the Ni
oxide species. While at pH=14, Ni sites with OH" adsorption are fully transformed into the S-NiOOH active form, at pH=12
most of the catalyst is only transformed into the y-NiOOH phase. Considering that the oxidation state of the f-NiOOH is +3
and the y-NiOOH is ~3.7 (Fig. S15), the transformation from Ni** to y-NiOOH requires ~1.7 fold more charges than that to

the S-NiOOH. Therefore, our results suggest that at pH=14 the active phase for the OER is the f-NiOOH and at pH=12, the



active phase for the OER is the y-NiOOH. The unique structure of the Ni confined in 2D layer structure with flexibly adjust-

able interlayer spacing gives rise to such phenomenon.
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Figure 4. (a) Stable cyclic voltammograms of Ni-KMO at various pHs after 30 consecutive scans in NaOH electrolyte, with
scan rate of 20 mV s™. The profile of the glassy carbon (GC) support is included for comparison. All the curves are iR-
corrected. (b) The onset overpotential (170nse) and overpotential at j = 10 mA cm™ (17,0) obtained from (a). (c) Enlarged region
showing the Ni?* — Ni** redox peaks at various pHs. (d) Integrated charge of Ni*"** oxidation peak as a function of pH at
various scan rates. () OER onset potential, pre-OER oxidation peak potential and Ni?*** AE variation with pH. (f) Chrono-

amperometry profiles of Ni-KMO at pH=14 at various applied potentials as indicated in the figure.

In order to obtain more information on the reaction mechanism, Tafel analysis of the OER curves at different pHs was per-
formed. Note that all voltammograms were iR corrected prior to the Tafel analysis. It has been previously proposed that the
overall mechanism of OER catalysis on Ni sites in alkaline media involve four on-electron-transfer steps (Eqn. 1-4)."> % The
Tafel plots for the OER on Ni-KMO at different pHs are presented in Fig. S16. The Tafel slope, at pH=14, is 60 mV dec™
suggesting that the rate-determining step (RDS) was the deprotonation of adsorbed hydroxyl species (Eqgn. 2), in agreement
with previous works on Ni hydroxide/oxide catalyst.** On the other hand, a Tafel slope of 232 mV dec™ was obtained at pH
12, suggesting that the RDS at lower pH was the adsorption of OH species (Eqn. 1). This can be rationalized by considera-
tion of the nature of Ni sites. A higher concentration gradient is required to promote the transport of the OH" species from
electrolyte through the channels of the layered oxide structure to the confined Ni nanoreactor sites. This diffusion-dependent

process gives rise to the significant difference in OER activity observed for Ni-KMO with varying pHs.



Ni* + OH — Ni*OH + ¢ (Eqn. 1)

Ni*OH + OH™ — Ni*O + H,0 + ¢ (Eqn. 2)
Ni*O + OH™ — Ni*OOH + & (Eqn. 3)
Ni*OOH + OH™ — Ni* + O, + H,0 + ¢ (Eqn. 4)

The evaluation of the electrochemical performance of a catalyst should not only be based on its catalytic activity but also on
the durability of the catalyst. Long-term stability of the Ni-KMO was recorded at pH=14 via chronoamperometry at various
applied potentials (Fig. 2f). As can be seen in Fig. 2f, the current density during the OER remained stable over 1 h of elec-
trolysis at different relevant potentials. In order to gain insight into the structural and compaositional stability of the catalyst,
SEM and HAADF-EDS images of the Ni-KMO catalyst were collected after 10h (Fig. S17). Interestingly, no significant
changes in the morphology or the element distribution of the catalyst were detected confirming the excellent stability of the
catalyst after 10 h of electrolysis. A comparison of the long term stability, up to 23h electrolysis in 1 M NaOH, of the Ni-
KMO at 1.48 V and Ni-HTO at 1.51 V shows stable current densities for catalysis with current densities over 10 mAcm™

(Fig. S23).

3.2 Effect of the cations on the OER catalytic activity

Previous works have also demonstrated that in addition to the pH, the nature of the electrolyte cation also affects the
observed activity and selectivity of electrochemical processes, especially in alkaline media.*** We investigated the effect of
K" and Na* cations on the electrochemical activity of Ni-KMO towards the OER (Fig. 5). As can be seen, although a slightly
different shape of the Ni?* — Ni** redox peaks was observed, the charges for the Ni?*/Ni** redox peaks are almost identical,
0.261 mC in NaOH and 0.263 mC in KOH respectively. Ni-KMO presents lower #onset and 71 for the OER in KOH ( #onset =
100 mV and 519 = 206 mV) relative to the respective values in NaOH ( #gnset = 130 mV and 7,9 = 240 mV). It has been previ-
ously demonstrated, that the nature of the cations affects the catalytic activity of the OER and the ORR. In particular, those
reports indicate that potassium enhance the catalytic activity.>”* This effect has been associated to the non-covalent interac-
tion between K*(H,0),/Na*(H,0), clusters and the active Ni-oxygenated species at the surface Ni-OH*, Ni-O*, Ni-OOH*.
Fig. 5 shows that the onset of the Ni**/Ni** oxidation reaction is independent of the cation present in the electrolyte (KOH or
NaOH) which indicates similar adsorption reaction of OH™ on Ni sites. On the other hand, at slight more positive potentials a
slight cathodic shift of OER onset in KOH suggests that the subsequent deprotonation step is favorable in KOH. Suntivich et
al. suggested that charged K*(H,0),/Na“(H,0), clusters would modified the energy of M-oxygenated species, thus change

their stability.’
10
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Figure 5. Voltammetric profiles of Ni-KMO in 1 M KOH and NaOH electrolyte, as indicated in the figure, inset is the en-

larged redox features. Glassy carbon shown for comparison. Scan rate v =20 mV s,
3.3 Investigation of the coordination of active Ni on the catalytic activity

In order to further investigate the specific role of Ni coordination in the performance of the catalyst, Ni-exchanged HMnO,
(Ni-HMO) and Ni-exchanged HTig o0, (Ni-HTO) were prepared and evaluated towards the OER. Both materials, HMO and
HTO, present the same layered structure (Fig. S18), therefore any observable differences in the catalytic activity would sug-
gest differences in the interaction between the Ni and species such as Mn/Ti and K/H,0 around. Both Ni-HMO and Ni-HTO
catalysts display notable OER activity (Fig. 6a) in comparison with the pristine HMO and HTO (Fig. S19). As can be seen
on Table S2, Ni-KMO shows the greatest OER catalytic activity (1710 = 240 mV) of the three Ni-exchanged layered oxide
catalysts in regard to geometrical activity. Despite the remarkable difference of Ni redox peaks for the 3 catalysts, the OER
7onset Values are nearly identical, indicating that confined Ni is truly the active component in the observed activity of Ni-
exchanged HMO and HTO. Tafel slopes of three Ni confined samples are shown in Fig. $20. Ni-HTO with 50 mV dec™ is
smaller than Ni-KMO (60 mV dec™) and Ni-HMO (113 mV dec™). These data suggest that the chemical deprotonation pro-
cess is the RDS for both Ni-HTO and Ni-KMO, whilst for Ni-HMO it is the adsorption of OH". To obtain further information
on the nature of the differences in the shape of the redox peaks and the catalytic activity the Ni content in each of the cata-
lysts was determined by XRF (Table 2). It was found that Ni-HMO had the greatest Ni loading (16 wt.%), followed by Ni-
KMO (8 wt.%) and Ni-HTO (2 wt.%). Therefore, the differences in the shape of the redox peaks could be attributed to the
differences in Ni loading and coordination, but the larger catalytic activity of the Ni-KMO could not be directly correlated to
the Ni loading. This implies that Ni coordination plays the predominant role in water catalysis. This assumption is in line
with the previous work by Thenuwara et al., which suggested that highly ordered water molecules lower the potential barrier
that facilitate the OER.*
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So far we have demonstrated that the Ni sites solely give rise to the observed OER activity of the Ni-confined layered metal
oxide catalysts, thus, the Ni content allows us to determine the turnover frequency (TOF) of the catalyst, a key indicator of
the intrinsic activity of a catalyst. However, two possible strategies can be adopted in this case. The TOF was determined
using the total Ni content obtained from XRF measurements (TOFxgg) and by use of the wt %Ni determined by the charge of
Ni**/Ni** redox peak (TOFy), as previously demonstrated by Nakagawa®" and Chen (Fig. 6d). As shown in Fig. 6d, whilst
the two methods give different absolute values of the TOF, the trend Ni-HTO > Ni-KMO > Ni-HMO is the same. Interest-
ingly, despite the results above indicating that the Ni-KMO had the larger catalytic activity per geometrical surface area, Ni-
HTO displays better TOF values (Table 2), indicating that it possesses the highest active atom efficiency. Determination of
the %Ni from the integrated charges and XRF measurements both strongly support our claim of low-loading of active cata-
lysts for OER catalysis. For example, as the XRF result is overall evaluation of Ni content in catalyst, TOF calculation based
on XRF display the lower limitation. 2 wt.% Ni in Ni-HTO shows a TOFxge of 0.1090 + 0.0067 s™at 1.47 V vs. RHE. While

the TOFq of Ni-HTO is 4.22 + 0.05 s based on integrated charge, which is an order of magnitude higher than TOF g (Fig.
S21).
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Figure 6. (a) iR-corrected voltammetric profiles of Ni-KMO, Ni-HMO and Ni-HTO after 30 consecutive scans at pH=14, in
1 M NaOH at 20 mV s™. The evolution of the voltammograms as function of the number of scans can be found in Fig. $22.

(b) Enlarged region showing the Ni** — Ni** redox peaks and OER onset. (C) #so and 71, obtained from (a). (d) TOF as a
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function of potential calculated using the content of Ni content on Ni-KMO (square symbol), Ni-HMO (triangle symbol) and

Ni-HTO (circle symbol) determined by the Ni*?/Ni** redox charge (solid symbols) and the XRF (empty symbols).

Table 1. XRF results of Ni-KMO, Ni-H(K)MO and Ni-HTO

Samples Ni (at.%) K (at.%) Mn (at.%) Ti (at. %)
Ni, ;4K,,Mn0,*0.7H,0 11.67 £0.18 14.46 £ 0.2 73.87 +£0.37 -

Nij 33K, 0sMnO,*0.9H,0 24.1+0.4 2.69 £ 0.09 7126+ 0.5 -

Niy 033 Tiy.9;0,°0.6H,0 3.60 £ 0.07 - - 96.40 + 0.07

*TGA was performed to determine the water amount in Ni-intercalated layered metal oxides (Fig. S24).

Table 2. Summary of electrochemical data of Ni-KMO, Ni-HMO, Ni-HTO.

Ni0.16K0_2Mn02°0.7H20 Ni0.33K0,04Mn02°0.9H20 Ni0'033Ti0.9102’0.6H20
H19/ mV 240 280 280
Integration charge
0.278 0.743 0.0342
/ mC
Corresponding Ni
0.169 0.452 0.020
content / pg
Tafel slope / mV
60 113 50
dec’
Ni content [XRF] /
8 16 2
wt.%
Jmss at 7 =240 mV /
602 140 710

A gl\}.

The mass activities of our ion-exchanged catalysts Fig. 7 are compared with other Ni-based catalysts previously reported in
the literature, including a variety of Ni stuctures (Ni foam, self-supported NiOOH nanocatalysts) Table S5. Ni-KMO and Ni-
HMO were found to have the largest mass activities by a factor of 4 or more. The mass activities of these 2D Ti-O and Mn-
O Ni catalysts surpasses the state-of-the-art Ni-based catalysts, such as NiV-LDH (144 gi @300 mV)* or single Au atoms

anchored on NiFe-LDH (117 gy; @280 mV)*.
13
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Figure 7. (a) Voltammetric mass activity of Ni-KMO, Ni-HMO, and Ni-HTO in 1 M NaOH. Scan rate v = 20 mV s, (b)

corresponding activity at 1.53 V vs RHE.

4, Conclusion

This work described the preparation and characterization of highly active OER catalysts based on the facile ion-exchange of
Ni atoms into the 2D birnessite and lepidocrocite titanate structures. A direct correlation between the Ni redox peaks and the
OER activity was demonstrated. After the evaluation of different catalysts as a function of the Ni content it was found that
Ni-KMO and Ni-HTO show excellent mass activity of 602 A gy and 710 A gy, at overpotential of 240 mV, respectively. Ni-
HTO shows a 6-fold increase in catalytic activity per mass of Ni in comparison with the state-of-the-art Ni-based nanocata-
lysts (Au@NizsFeys LDH) *. By evaluating the electrochemical performance at varying pHs in NaOH, it was found that the
catalytic activity was enhanced at higher pH and in the presence of K cations, 7ot = 100 mV and 7,9 = 206 mV were ob-
tained in comparison with those in the presence of Na cations (7onset = 130 MV, #19 = 240 mV). The intercalation mechanism
and oxidation state of Ni and Mn have been explored by the XAS technique. Our results demonstrate that Ni intercalation
occurs at the Mn** sites by reducing Mn** to Mn?*. As mentioned above, the ex-situ XAS/XES results shown that the Ni-
content in each of the samples is proportional to the concentrations Mn®* sites. Even though, Ni is present in the oxidation
state (+2) for all the samples, the Ni coordination/structures were obtained for Ni-KMO and Ni-HMO was different. We as-

sociate the differences OER activity to the differences in coordination/structures between Ni-KMO and Ni-HMO.

It was also demonstrated that while the intercalated Ni is the active site for oxygen evolution reaction, Mn sites do not con-
tribute to the OER. Thus, the evaluation of intrinsic activity such as TOFs and mass activity by using the Ni content offers

reliable results.

14



In brief, highly efficient catalysts with Ni confined in 2D layered metal oxides towards OER have been synthesized by ion
exchange reactions. Our synthesis protocol provides evidence for the broader applicability of our employed methodology to

other layered metal oxide structures and to compositions other than manganese oxides.
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