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6 ABSTRACT: Proton transfer is critically important to many electrocatalytic
7 reactions, and directed proton delivery could open new avenues for the design of
8 electrocatalysts. However, although this approach has been successful in molecular
9 electrocatalysis, proton transfer has not received the same attention in
10 heterogeneous electrocatalyst design. Here, we report that a metal oxide proton
11 relay can be built within heterogeneous electrocatalyst architectures and improves
12 the kinetics of electrochemical hydrogen evolution and oxidation reactions. The
13 volcano-type relationship between activity enhancement and pKa of amine additives
14 confirms this improvement; we observe maximum rate enhancement when the pKa of a proton relay matches the pH of the
15 electrolyte solution. Density-functional-theory-based reactivity studies reveal a decreased proton transfer energy barrier with a metal
16 oxide proton relay. These findings demonstrate the possibility of controlling the proton delivery and enhancing the reaction kinetics
17 by tuning the chemical properties and structures at heterogeneous interfaces.

18 ■ INTRODUCTION
19 Conventional design of heterogeneous electrocatalysts has
20 focused on modifying the catalyst surface electronic structure
21 through alloying,1−3 crystalline structuring,4 and atomic
22 ordering and orientation5,6 to tune the covalent interactions
23 of surfaces with reaction intermediates (e.g., surface binding or
24 adsorption).7−9 These approaches have led to significant
25 progress in improving catalyst activity for a variety of
26 electrocatalytic reactions, including the hydrogen evolution
27 and oxidation reaction (HER/HOR),10,11 the oxygen evolution
28 and reduction reaction (OER/ORR),12,13 CO2 reduction
29 reactions (CO2RR),

14,15 etc. In nature, the kinetics of these
30 reactions are governed not only through covalent interactions
31 but also through noncovalent interactions, the most important
32 of which is tuning proton transfer near the catalyst sur-
33 face.16−18

34 Proton transfer plays a critical role in diverse chemical,
35 biochemical, and electrochemical processes.19−23 The hydro-
36 genase enzyme, microalgae, and bacteria achieve reversible
37 proton-coupled chemical transformations by precisely control-
38 ling proton movement to and from the active sites of, for
39 example, iron or nickel complexes with organic ligands (e.g.,
40 porphyrins or polypyridine).24−27 To mimic the function of
41 how natural systems manipulate proton transfer, many artificial
42 molecular electrocatalysts have been designed and synthesized
43 in which certain basic pendant groups function as proton relays
44 to promote proton transfer and improve reaction kinetics.28−31

45 Recently, significant improvement of ORR kinetics on Pt and
46 Au electrocatalysts has been demonstrated through tuning

47proton transfer by modifying electrodes with protonic ionic
48liquids, while ORR reaction pathways on a heterogenized
49molecular Cu electrocatalyst can be controlled through a lipid-
50bound proton carrier.16,19 Progress has been made in
51understanding the critical role of protons in the electro-
52chemical transformation of organic molecules (formic acid,32

53alcohol,33 nitrobenzene34) and hydrogen35,36 at heterogeneous
54interfaces. Molecular control of heterogeneous electrocatalysis
55has been achieved through the graphite-conjugated acid
56approach.37,38 Progress has also been made in understanding
57how noncovalent interactions affect heterogeneous electro-
58catalysis through tuning electrolyte composition.39−41 We,
59therefore, hypothesize that a proton relay can be built in
60heterogeneous electrocatalysts to more efficiently promote
61proton transfer and improve electrochemical reaction kinetics
62for which a proton is involved in the elementary step of the
63 s1specific reaction (i.e., H+-containing reactions); Scheme 1.
64Heterogeneous electrocatalysts incorporating such relays
65would provide significant advantages over molecular electro-
66catalysts and organically modified electrodes, including
67enhanced stability and ease of deployment (in functioning
68devices).
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69 Upon searching for robust proton relay materials, we noticed
70 that hydrated metal oxides enable proton transfer on their
71 surface, the so-called proton hopping phenomenon.42−45 For
72 proton transfer from the bulk electrolyte to electrode surfaces
73 such as metal catalyst electrodes, the hydrated metal oxide
74 located near metal catalysts may allow (1) proton transfer on
75 the metal oxide/water interface via the processes of hydrogen
76 bond formation and cleavage (i.e., chain reaction) and (2)
77 proton transfer on the metal oxide surface through Bro̷nsted
78 acid/base sites without the assistance of adjacent H2O
79 molecules, followed by proton adsorption on the metal surface.
80 Considering that the metal oxide surface (i.e., protonation/
81 deprotonation state) could be significantly affected by its
82 surface acidity (i.e., pKa) and solution pH, we postulate that
83 the proton transfer on and from/to the metal oxide surface can
84 be governed by its surface acidity and solution pH, thereby
85 controlling overall reaction kinetics.
86 We selected MoO3, WO3, ZrO2, and CeO2 as proton relay
87 candidates in our study because they have been well studied for
88 their surface acidity trend (i.e., their surface pKa(s) values
89 range from 1.05 to 10.2),44,46−50 and they are relatively stable
90 in solutions of a wide range of pHs. We use HER/HOR on
91 Pd/C catalysts as the exemplar reactions because of the well-
92 studied HER/HOR reaction mechanisms on Pd, in which the
93 proton-involved Volmer step is the rate-determining step
94 (RDS). In addition, Pd is less active than Pt on which HER/
95 HOR kinetics in acidic media can be reasonably measured
96 using a rotating disk electrode (RDE) setup.51−53 The
97 maximum HER/HOR activity enhancement was obtained on
98 Pd/MO/C (MO = metal oxide) when the metal oxide pKa
99 value was close to the electrolyte pH value, which strongly
100 indicates a proton relay effect of metal oxides. Density

101functional theory (DFT) simulations demonstrate that (1)
102the lowered proton transfer energy barrier between the metal
103oxide surface and Pd nanoparticle opens up new channels for
104the Volmer reaction, which has a maximum rate when the pKa
105of the metal oxide is in resonance with the solution pH; (2)
106the number and proximity of the MO/Pd interface sites have a
107significant impact on the proton transfer rate. The first
108property related to the rate enhancement is intrinsic to the
109metal oxide, and the second property is related to material
110architecture.
111Given that more precise pKa values across a broader range
112are available in the literature for amine molecules than for
113metal oxides, multiple amine molecules with pKa values
114ranging from −2.95 to 15.2 were selected as additives to
115further study the relationship between HER/HOR activity
116improvement and pKa (of amines) vs pH (of electrolyte
117solution). A volcano-type relationship of HER/HOR activity
118on Pd versus pKa was observed, with the maximum activity
119enhancement when the amine’s pKa value matches the solution
120pH. These results further support the proton relay effect in this
121system. Our work demonstrates the first built-in, metal oxide
122proton relay in heterogeneous electrocatalysts, opening a new
123avenue for future electrocatalyst design and applications in
124proton-involved electrocatalytic reactions.

125■ RESULTS AND DISCUSSION
126We first deposited metal oxide (MO) nanoparticles (NPs) on a
127porous carbon support through the thermal decomposition of
128 f1metal ethoxide precursors (Figure 1a). High-angle annular
129dark-field scanning transmission electron microscopy
130(HAADF-STEM) images show the uniform dispersion of
131metal oxide NPs with size between subnanometer and 1−2 nm

Scheme 1. Hypothetical Proton Transfer with/without Metal Oxide Proton Relay

Figure 1. Synthesis and characterization of Pd/MOx/C electrocatalysts. (a) Schematic of the Pd/MOx/C electrocatalyst synthesis process, (b−d)
STEM images of Pd/MoO3/C, and (e−g) element mapping of Pd/MoO3/C.
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132 on carbon support (Figure S1). Pd NPs were then grown on
133 metal oxide/carbon composites with an average size of ∼6.5
134 nm determined by STEM for all Pd/MO/C samples (Figures
135 1b,c and S2), which is in good agreement with the size of ∼6.4
136 nm calculated from X-ray powder diffraction (XRD) patterns,
137 while no diffraction patterns of metal oxides can be observed
138 because of their small particle size (Figure S3). HAADF-STEM
139 and elemental mapping images reveal the close contact of Pd
140 NPs with metal oxide NPs on the carbon surface (Figures 1d−
141 g and S4). X-ray photoelectron spectroscopy (XPS) character-
142 izations show two well-defined Pd 3d5/2 and 3d3/2 peaks
143 centered at 335.4 and 340.7 eV (3), respectively (Figure S5).
144 The positive shift of 0.2 to 0.4 eV for Pd binding energy of Pd/

145MO/C samples in comparison with Pd/C suggests the
146interaction between Pd and metal oxides, secondary evidence
147for the close contact between Pd and metal oxides. Diffuse
148reflectance infrared Fourier transform spectroscopy (DRIFTS)
149analysis reveals multiple Bro̷nsted acid peaks on MoO3, WO3,
150ZrO2, and CeO2 surfaces when metal oxides are hydrated
151(Figure S6). Cumulatively, these physical characterization
152results confirm that the interface is formed between metal
153oxides and Pd NPs, and Bro̷nsted acid sites (which are
154prerequisites for proton transfer from the metal oxide surface
155to Pd) are formed on metal oxide surfaces.
156The HOR/HER polarization curves were measured using
157RDE in three representative electrolytes: H2 saturated 0.1 M

Figure 2. Kinetics measurements of HER/HOR on Pd/MO/C electrocatalysts in acidic, neutral, and alkaline electrolytes. (a−c) Linear sweep
voltammetry (LSV) curves and (d−f) specific exchange current densities, pKa value was cited as MoO3 of 1.05−3.77;47 WO3 of 3.5−5.3;46,47 ZrO2
of 5.3−9.3;44,50 and CeO2 of 7−10.2.48,49
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158 HClO4 (pH 1.0), 0.2 M PBS (pH 6.8), and 0.1 M KOH (pH
f2 159 13.0) (Figure 2a−c). All Pd/C and Pd/MO/C samples show

160 reversible and similar Tafel behavior (Figure S7) for HER and
161 HOR, indicating the reversible HER/HOR on Pd. The Tafel
162 slopes of 81−127 mV dec−1 in the acidic electrolyte on Pd/C
163 and Pd/MO/C are similar to those in neutral (92−152 mV
164 dec−1) and alkaline (98−134 mV dec−1) electrolytes (Table
165 S2). This demonstrates that the HER/HOR mechanism on Pd
166 (with/without metal oxides) in the above three representative
167 pH electrolytes is the same, i.e., theVolmer−Tafel mechanism
168 with Volmer step as the RDS (Volmer step: H+ + e− + * ↔
169 Had; Tafel step: 2Had ↔ H2 + 2*), which is in good agreement
170 with the fact that HER/HOR mechanism on Pd does not
171 change in universal pH solutions.54 Since the proton is
172 involved in the Volmer step (RDS) as either a reactant or a
173 product, proton transfer is expected to affect its kinetics.

174We further determined the specific exchange current density
175(j0,s) of HER/HOR using Butler−Volmer linear fitting (Figure
176S8) in the micropolarization regions with an assumption of
177αa‑HOR + αc‑HER = 1, normalized by electrochemical surface area
178(ECSA) of Pd.53 In an acidic solution (0.1 M HClO4), the j0,s
179of HOR/HER was increased by up to 3.3 times over baseline
180Pd/C when metal oxides were introduced, following the trend
181of Pd/MoO3/C (1.10 mA cm−2

Pd) > Pd/WO3/C (0.72 mA
182cm−2

Pd) > Pd/ZrO2/C (0.62 mA cm−2
Pd) > Pd/CeO2/C (0.37

183mA cm−2
Pd) > Pd/C (0.33 mA cm−2

Pd) (Figure 2d). The
184HOR/HER activity trend aligns well with the surface acidity
185trend of metal oxides, i.e., MoO3 > WO3 > ZrO2 > CeO2
186(Figure S9, metal oxide surface acidity correlation to their pKa
187value), and the metal oxide with a pKa value closer to the pH of
188electrolyte solution, i.e., smaller Δ = |pKa − pH| leads to a
189larger enhancement of activity. Similar activity enhancement
190phenomena were observed in neutral and alkaline electrolyte

Figure 3. Proton transfer energy barrier and rate enhancement. (a, b) Computed electronic energy (eV) diagram of the Volmer reaction for (a)
GO-PdH-acid and (b) GO-PdH-MoO3 model systems, (c) computed rate enhancement factor as a function of pH for the GO-PdH-MoO3 and
GO-PdH-CeO2 system with respect to the GO-PdH-acid and GO-PdH-base system respectively, (d) Ratio of experimental exchange current
densities as a function of pH for the Pd/MoO3/C and Pd/CeO2/C with respect to Pd/C. (e) Snapshot showing the movement of a proton
between different m2 sites of MoO3 and formation of a Pd−H bond. Highlighted (larger) atoms are involved in reaction mechanism. Color code: O
(red), Pd (gray), Mo (light purple), H (light pink), Cl (green).
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191 solutions, with the maximum enhancement by 4.1 times (in
192 neutral solution) and 4.9 times (in alkaline solution),
193 respectively, both of which feature the smallest Δ (Figure 2e,f).
194 There are potentially several key factors that may influence
195 the reaction kinetics: (1) proton transfer rate, (2) hydrogen
196 adsorption strength on Pd, (3) the hydrophilicity/hydro-
197 phobicity, and (4) electron transfer rate. We first looked at the
198 hydrophilicity/hydrophobicity; we measured the contact
199 angles of Pd/C and Pt/MO/C. The contact angle of Pd/

200MO/C is larger than that of Pd/C (Figure S10, MO = MoOx

201as an example), indicating that hydrophilicity is not the reason
202for enhanced electrocatalytic activity. We then studied the
203electron transfer rates through ferri/ferrocyanide measure-
204ments, from which we did not see any peak separation changes
205for electrodes with/without a metal oxide, indicating that the
206electron transfer rate was not changed (Figure S11).
207We further calculated hydrogen adsorption energy (ΔG0H)
208on Pd for each sample using the peak position of hydrogen

Figure 4. Amine additive effect. (a) pKa values of amine molecules used in this work, (b−d) Volcano relationship of the HOR/HER rate
enhancement as a function of the pKa of amine additives in (b) 0.1 M HClO4 (pH ∼ 1.1), (c) 0.2 M PBS (pH ∼ 6.8), and (d) 0.1 M KOH (pH ∼
13.0).
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209 desorption peaks in the underpotentially deposited hydrogen
210 (Hupd) region in cyclic voltammograms (Figures S12 and
211 S13).54 Similar ΔG0H values were obtained for Pd/C and Pd/
212 MO/C samples in the same electrolyte (Figure S12), which
213 indicates that the negligible ΔG0H change between them, and
214 therefore the effect of hydrogen adsorption energy on HOR/
215 HER activity change, can be eliminated. Note that on pristine
216 Pd/C, the ΔG0H increases with solution pH, leading to
217 decreased HER/HOR activities from an acidic to an alkaline
218 electrolyte. This is in good agreement with previous results in
219 the literature that show that a higher apparent hydrogen
220 binding strength of Pd in alkaline electrolytes leads to lower
221 HER/HOR activity in base than in acid.51,54

222 We then measured the activation energy (Figure S14). Pd/
223 MoO3/C shows a much smaller activation energy of 10.7 kJ
224 mol−1 than Pd/C (29.4 kJ mol−1) in an acidic electrolyte, while
225 Pd/CeO2/C exhibits the lowest activation of 19.9 kJ mol−1
226 among all Pd/C and Pd/MO/C samples in alkaline solution.
227 Given the same HER/HOR reaction mechanisms (e.g., the
228 Volmer step being the RDS) and similar hydrogen adsorption
229 energies obtained between Pd/C and Pd/MO/C samples, the
230 change of measured activation energy is mainly attributed to
231 proton transfer energy barrier change where the lower
232 activation energy implies a lower proton transfer energy
233 barrier in the presence of metal oxides.
234 DFT computation results agree with the lower proton
235 transfer energy barrier on the Pd/MO/C samples. For Volmer
236 proton transfer directly from H3O+ in the electrolyte solution
237 to the Pd surface, an energy barrier of 1.41 eV is determined
238 using the model of Pd NPs on graphene oxide support (GO)

f3 239 (Figure 3a). When a MoO3 particle is introduced into the same
240 model, the proton is expected to transfer against the MoO3
241 surface with hydrogen bond formation and cleavage to the Pd
242 surface (i.e., proton transfer against μ2-O sites of MoO3). It
243 should be noted that protons from the terminal O sites of
244 MoO3 are extremely basic and will not take part in the Volmer
245 reaction (see discussions in the Supporting Information), and
246 the maximum energy barrier of the new Volmer step (eq 10)
247 decreases to 1.12 eV (Figure 3b). We further calculated the
248 rate enhancement and its dependence on different factors: (a)
249 the number and proximity of empty Pd sites around the MoO3
250 sites (as shown in eq 13) and (b) the difference in the energy
251 barrier (ΔΔE‡) term (as shown in eq 14). The DFT
252 calculation results reveal that the rate enhancement (Figure
253 3c) due to the MoO3 sites is maximum around pH 3, almost
254 equal to the pKa(DFT) = 3.08 of μ2-oxygen of MoO3 sites, which
255 is consistent with the effect of proton relay in heterogeneous
256 electrocatalysis. Experimental results confirm the trend of the
257 rate enhancement (Figure 3d). It should be noted that the rate
258 enhancement increases with the available Pd sites around the
259 MoO3 sites, i.e., the amount of Pd/MoO3 interfaces (Figure
260 S21), consistent with our previous experimental observation.55

261 To show the ubiquity of this phenomenon, we further
262 simulated the Volmer reaction in the basic medium in the
263 presence and absence of CeO2 which has an experimental pKa
264 of 7.0−10.5. Similar to the GO-PdH-MoO3 case, we also
265 observed that the reaction energy barrier for the GO-PdH-
266 CeO2 case is lower by 0.12 eV (see Figure S16) than that of
267 the GO-PdH-base case. For the GO-PdH-CeO2 case, the
268 maximum rate enhancement (Figure 3c) is seen around pH =
269 8, which is close to the computed pKa(DFT) of 7.4 for CeO2.
270 This confirms that the proton relay in heterogeneous
271 electrocatalysis can be controlled as a function of pH using

272different metal oxides with different pKa values. It should be
273noted that, for the GO-PdH-CeO2 system, in our experiment,
274the highest rate enhancement is observed around pH = 13
275(Figure 3d), which is not reproduced in our current theory
276model. There are several terminal and bridging (μ2/μ3)
277oxygen(s) present in the CeO2 clusters that may have higher
278basicity; hence, proton transfer from these sites will become
279active at higher pHs.
280Additionally, a small change (e.g., 0.1 eV) in ΔΔE‡ can lead
281to a large variance (1 order of magnitude) in the absolute rate
282enhancement factor due to the exponential relationship in eq
28314. We performed a sensitivity analysis to show how different
284values of ΔΔE‡ can affect our result in an absolute case
285(Figure S21). We also showed the availability of unoccupied
286Pd sites near MoO3 and CeO2 sites affects the rate
287enhancement (Figures S22 and S23). It should be noted that
288the major point of our simulation is not to compute the
289absolute rate enhancement factor but rather to qualitatively
290understand at which pH the rate enhancement takes place for
291different metal oxides. Our simulation is not to be quantitative
292but rather to identify critical functionalities that can be used to
293design better catalysts.
294In order to further investigate the proton relay effect on
295heterogeneous electrocatalysis, we used amine molecules with
296 f4various pKa values (ranging from −2.95 to 15.2, Figure 4a and
297Table S4) as additives in electrolytes to study a more precise
298relationship between pKa (of additives), pH (of electrolyte
299solution), and activity enhancement. The HER/HOR activities
300were measured in the above three electrolytes of different pH
301with and without organic amine additives. To minimize
302solution pH change induced by the addition of amine
303molecules, an ultralow concentration of 0.1 mM amine
304additives was chosen. As shown in Figure 4b, a volcano-
305typed relationship was observed between the j0,s of HER/HOR
306and the pKa value of organic amine additives in 0.1 M HClO4,
307and the maximum HER/HOR activity enhancement for Pd/C
308is observed for 1,2-phenylenediamine with a pKa of 0.8 (j0,s =
3091.57 mA cm−2

Pd), which has the smallest Δ. Similar volcano
310trends were observed in both 0.2 M PBS and 0.1 M KOH
311electrolytes (Figure 4c,d). The maximum HOR/HER kinetic
312enhancement is obtained from 1,4-phenylenediamine (pKa =
3136.31, j0,s = 0.22 mA cm−2

Pd) and diazabicycloundecene (pKa =
31413.5, j0,s = 0.087 mA cm−2

Pd) in neutral and alkaline
315electrolytes, respectively, both featuring the smallest Δvalues.
316Although proton transfer behavior may be different between
317organic amine additives and metal oxides, the trends of HER/
318HOR activity enhancement are similar for both, strongly
319supporting the proton relay effect on reaction activity
320enhancement in acidic, neutral, and alkaline electrolytes.
321It should be noted that, while the exact status of amine
322molecules on electrode surfaces is unknown, our electro-
323chemical measurements indicate that amine molecules adsorb
324on the Pd (not on the carbon) surface. Cyclic voltammetry
325measurements show that hydrogen adsorption/desorption on
326Pd was suppressed with amine additives, indicating amine
327molecules occupy partial Pd surface (Figure S29). The
328electrochemical active surface area (ECSA) of Pd (measured
329via the CO-stripping method) decreases with amine additives,
330further indicating amine adsorbs on Pd (Figure S30 and Table
331S6). Our theoretical calculation reveals that the adsorption of
332amines of graphene oxide is not stable and amines move to the
333Pd nanoparticle. The calculated binding energy of an amine
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334 (pyrimidine) of Pd nanoparticle is −1.61 eV, indicating strong
335 adsorption of pyrimidine on Pd (Figure S31).
336 We further apply electrocatalysts with a built-in metal oxide
337 proton relay to other important proton-involved reactions:
338 electrocatalytic hydrogenation (ECH) of benzaldehyde and
339 electrocatalytic CO2 reduction (CO2RR). ECH of benzalde-
340 hyde follows the proton-coupled electron transfer mechanism
341 on the Pd surface, and the overall ECH reaction rate (i.e.,
342 turnover frequency�TOF) has been reported to be
343 significantly affected by proton transfer near the catalyst
344 surface.56 In our measurements (Figure S24), the TOF of
345 benzaldehyde ECH increases up to approximately 3-fold on
346 Pd/WO3/C in comparison to Pd/C, with the TOF on other
347 catalysts following the order of Pd/WO3/C > Pd/MoO3 > Pd/
348 ZrO2 > Pd/CeO2 > Pd/C, in which the metal oxide with pKa
349 closer to electrolyte solution pH (5.2) enables higher TOF
350 improvement, similar to HER/HOR on these catalysts. On the
351 other hand, we found that both the product selectivity and
352 reaction activity of CO2RR in CO2-saturated 0.1 M NaHCO3
353 (pH 6.8) are increased on Pd-ZrO2/C in comparison to Pd/C
354 (Figure S25). We chose Pd-ZrO2/C because pKa of ZrO2 is
355 close to the pH of the electrolyte solution.

356 ■ CONCLUSIONS
357 In conclusion, we demonstrated that proton transfer can be
358 tuned by metal oxide proton relay sites that are built within
359 heterogeneous electrocatalyst architectures and amine mole-
360 cules that adsorb on the metal catalyst surface, and the pKa of
361 proton relay sites allows the catalyst to respond optimally at a
362 given solution pH, thereby tuning the kinetics of proton-
363 involved electrocatalytic reactions. This study demonstrates a
364 new approach to heterogeneous electrocatalyst design by
365 incorporating proton relay sites into electrocatalyst architec-
366 ture to control the proton-involved reaction kinetics.

367 ■ METHODS
368 Catalyst Synthesis. Synthesis of 2 wt % Metal Oxide (MO) on
369 Carbon. A portion (98 mg) of Vulcan XC 72R carbon black was
370 treated by mixing with 0.2 mL of 0.5 M HCl, followed by air drying at
371 room temperature for 24 h. A certain amount of MoCl5/WCl6/ZrCl6/
372 Ce(NO3)3·6H2O was dissolved into anhydrous ethanol to form metal
373 ethoxide and then mixed with pretreated 98 mg of carbon black with
374 the target MO loading of 2 wt %. The mixture was dried at 60 °C,
375 followed by step heat treatment in an Ar environment at 200 and 400
376 °C for 2 and 1 h, respectively. The ∼100 mg of MO/C sample was
377 finally collected, followed by Pd deposition.
378 Synthesis of 5 wt % Pd/2 wt % MO/C. Solution A is prepared by
379 dissolving 18.9 mg of K2PdCl6 into 15 mL of ethylene glycol with
380 sonication for 15 min, followed by mixing with 95 mg of MO/C in a
381 100 mL styled round flask with an additional 30 min sonication.
382 Solution B is prepared by dissolving 4.0 mg of NaOH into 10 mL of
383 ethylene glycol with sonication for 15 min. Then, solution B was
384 added to solution A and stirred at under 400 rpm rotation rate for 30
385 min. The mixture was transferred to an 80 mL glass microwave tube,
386 which was microwave-treated (CEM Discover SP) at a constant 300
387 W for 3 min. The Pd/MO/C was collected via filtration and washed
388 by using 1 L of deionized water (18.2 MΩ), followed by drying at 60
389 °C in a vacuum oven for 12 h.
390 Physicochemical Characterization. Powder X-ray diffraction
391 (XRD) patterns were obtained with a Rigaku MiniFlex II X-ray
392 generator with monochromatic Cu Kα radiation (λ = 1.54056 Å) at
393 room temperature. The Pd and MO loading were analyzed using
394 inductively coupled plasma optical emission spectroscopy (ICP-OES,
395 PerkinElmer 7300DV OES with a cyclonic spray chamber and
396 Meinhardt nebulizer), calibrated daily with NIST traceable standards,
397 and cross-checked with independent NIST traceable standards. X-ray

398photoelectron spectroscopy (XPS) measurements were performed
399with a Physical Electronics Quantera Hybrid Scanning X-ray
400Microprobe. Infrared spectroscopic analysis of adsorbed pyridine
401(Py-IR) (Bruker Tensor 27 FTIR spectrometer) was used to
402determine the Bro̷nsted acid and Lewis acid sites on the metal
403oxide surface.
404Electrochemical Measurements. All electrochemical measure-
405ments were conducted in a three-electrode system using an
406electrochemical potentiostat (SP-300, Bio-Logic). A graphite carbon
407rod, which was isolated by a fritted glass tube from the main test
408electrolyte, and a Ag/AgCl electrode (Hg/HgO electrode is used in
409alkaline electrolytes) were used as the counter and the reference
410electrode, respectively. The working electrodes were catalyst (Pd/C
411or Pd/MO/C)-coated glass carbon electrodes. To fabricate the
412working electrode, a 2.0 mg mL−1 of catalyst ink was prepared by
413adding Pd/C or Pd/MO/C powders in H2O/iso-propanol (IPA) with
414the ratio of 3:7 and 5% Nafion solution with the ratio of 8cat:2Nafion,
415followed by 30 min of ultrasonication to fully disperse particles in the
416solvent. The catalyst ink was drop-casted onto the glassy carbon
417electrode surface (i.e., rotating disk electrode, RDE) with a Pd loading
418of 8/10/15 μgPd cm−2 for the HER/HOR polarization curve
419measurements in 0.1 M HClO4, 0.2 M PBS, and 0.1 M KOH,
420respectively. After 30 min of air drying at ambient temperature, a
421uniform catalyst thin film was obtained for the following electro-
422chemical measurements.
423The Ag/AgCl reference electrode was calibrated prior to
424electrochemical measurements. Two Pt wires and Ag/AgCl electrodes
425were used as the working, counter, and reference electrodes,
426respectively. The 0.1 M HClO4 solution (pH ≈ 1.0) was purged
427with ultrahigh-purity H2 for at least 30 min before calibration to
428obtain H2-saturated electrolyte, and the linear sweep voltammetry
429(LSV) test was conducted at a scan rate of 0.5 mV s−1 with a potential
430window of OCV ± 20 mV to determine the thermodynamic potential
431for H2 evolution and oxidation reaction. We report all potentials
432against the reversible hydrogen electrode (RHE) in this study, which
433was converted from the potential vs Ag/AgCl by using eq 1.

E E ERHE Ag/AgCl= +
434(1)

435where ΔE equals 0.260 V in 0.1 M HClO4 (pH ≈ 1.0) solution and
4360.602 V in 0.2 M PBS (pH ≈ 6.8).
437The Hg/HgO reference electrode was calibrated under the same
438protocol described above in 0.1 M KOH electrolyte, and the potential
439difference between Hg/HgO and the RHE is 0.980 V.
440Electrochemical Impedance Spectroscopy. Electrochemical
441impedance spectroscopy (EIS) was conducted by applying an
442alternating current voltage with 10 mV amplitude at frequencies
443ranging from 300 kHz to 100 mHz. A Nyquist plot was obtained at
444open circuit voltage, and the measured solution resistance, Rs, was
445used to correct the practical potential applied on the working
446electrode using eq 2.

E E iRiR corrected applied s=
447(2)

448where Eapplied is the applied potential on the working electrode, i is the
449corresponding measured current, Rs is the compensated electrolyte
450resistance determined by EIS, and EiR‑corrected is the potential after iR-
451correction. The Rs of the three-electrode system was measured to be
452∼15/∼50/∼40 Ω, in 0.1 M HClO4, 0.2 M PBS, and 0.1 M KOH,
453respectively. All applied potentials in this study were reported versus
454the RHE after iR-correction.
455HER/HOR Activity Measurement. Before each measurement,
456the working electrode was first cycled for at least 50 cycles (100 mV/
457s) under Ar purging to obtain stable CV curves. Then, the HER/HOR
458performance was measured at room temperature with an RDE
459rotating rate of 1600 rpm. The electrolyte was purged with UHP H2
460gas for at least 30 min prior to tests to obtain an H2-saturated
461electrolyte. It is important to note that H2 could be absorbed into the
462Pd lattice, thereby showing an extra HOR peak in its corresponding
463polarization curve. Thus, we used a low scan rate of 1 mV s−1 to reveal
464the intrinsic activity of Pd-based catalysts. In addition, to avoid H2
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465 bubble coverage during the HER process, the LSV was conducted
466 from −0.1 to 0.9 V vs RHE for the HER/HOR polarization curve
467 collection.
468 To study the effect of amine additives, the electrolytes were
469 prepared by adding 0.1 mM amine organics into the H2-saturated
470 electrolyte with a RDE rotating of 1600 rpm for 5 min, followed by
471 HER/HOR measurement under the same conditions described above.
472 It should be noted that the solubility of azobenzene is smaller than 0.1
473 mM. We prepared 0.03 mM of the azobenzene electrolyte, while other
474 amines kept the concentration of 0.1 mM.
475 To determine the specific exchange current density of HER/HOR
476 on Pd-based catalyst, the kinetic current of HER/HOR, ik was
477 calculated based on the Koutecky−Levich equation.

i ik id
1 1 1=

478 (3)

479 where id is the measured diffusion limiting current.
480 The exchange current, i0, was determined by using eq 4 in
481 micropolarization regions of ±20 to ±50 mV vs RHE. The ik and
482 overpotential, η, can be fitted into the linearized Butler−Volmer
483 equation with the assumption that the summation of anodic and
484 cathodic transfer coefficient equals 1, (αa + αc = 1).

ik i
F
RT0=

485 (4)

486 where F is the Faraday constant, R is the molar gas constant, and T is
487 the operating temperature. i0 was then normalized by the electro-
488 chemical surface area (ECSA) of Pd to obtain the specific exchange
489 current density, j0,s with a unit of mA cm−2

Pd. See “S5. Electrochemical
490 Surface Area Measurement by the CO-Stripping Method” for ECSA
491 measurement.
492 To study the accuracy of linearly fitted i0, the i0 values were fitted
493 back into the Butler−Volmer equation of eq 5, and αa(HOR) and
494 αc(HER) were also obtained. The R-squared value was obtained higher
495 than 99.1% and reported in this work (Figure S17).
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496 (5)

497 Electrochemical Surface Area Measurement by the CO-
498 Stripping Method. The electrochemical surface area (ECSA) of Pd
499 in Pd/C and Pd/MO/C was determined using CO-stripping
500 voltammograms. The Pd/C or Pd/MO/C electrode was first cycled
501 at a scan rate of 100 mV/s for at least 50 cycles under Ar purging to
502 obtain a stable CV. Afterward, the electrolyte was purged with CO for
503 20 min to obtain a CO-saturated solution. The electrode was
504 subsequently held at 0.3 V vs RHE for 15 min in a CO-saturated
505 solution, followed by another 15 min with Ar purging. The CV was
506 then conducted between 0.3 and 1.20 V vs RHE with a 20 mV/s scan
507 rate. During the positive scanning (electrode potential goes from low
508 to high), the adsorbed CO is oxidized, and the corresponding CO
509 oxidation peak is observed from the first cycle of CO-stripping
510 voltammograms. After 1 cycle scanning, the adsorbed CO should be
511 completely removed, and the total charge difference between the first
512 and second cycles (total charge of adsorbed CO oxidation) can be
513 used for active metal ECSA determination by using the following
514 equation.

Q
m

ECSA
420 C cmPd 2=

×515 (6)

516 where Q is the total charge of adsorbed CO oxidation, m is the total
517 loading of Pd, and the 420 μC cm−2 corresponds to a monolayer of
518 adsorbed CO. The ECSA of Pd for 5 wt % Pd/C, Pd/MoO3/C, Pd/
519 WO3/C, Pd/ZrO2/C, and Pd/CeO2/C samples was measured in 0.1
520 M HClO4 (Table S5).
521 The ECSA of Pd for the Pd/C sample was also measured in 0.1 M
522 HClO4, 0.2 M PBS, and 0.1 M KOH electrolyte with and without 0.1
523 mM organic amine additives. Three working electrodes, i.e., RDE,
524 were prepared using the same Pd/C catalyst ink for ECSA and HER/
525 HOR activity determination, respectively. The ECSA of Pd is first

526measured in the electrolyte without amine additives using RDE#1; the
527ECSA of Pd is then determined in the electrolyte with amine additives
528using RDE#2; the RDE#3 is used to collect HER/HOR performance
529in the electrolyte with and without amine additive addition. The
530ECSA of Pd decreases when amine additives are introduced (i.e.,
531ECSARDE#1 > ECSARDE#2), indicating the Pd surface coverage by
532organic amine additives. The ECSARDE#2 will be directly used for j0,s
533calculation of the HER/HOR (HER/HOR polarization curve from
534RDE#3) without ECSA calibration. Since the measured ECSARDE#1
535could slightly vary due to ink dispersion and RDE thin film catalyst
536layer drying difference, we reported the ECSARDE#2 results of Pd for
53710 wt % Pd/C in Table S6 after the correction by multiplying
538correction constant (x) obtained from ECSARDE#1 difference for each
539amine additive testing (i.e., x = ECSARDE#1 − amine#1/ECSARDE#1 −
540amine#2).
541Computational Methods and Models. Ab initio molecular
542dynamics (AIMD) simulations were performed using the PBE
543functional57 along with Grimme D3 dispersion correction58 using
544the CP2K software package.59 Canonical NVT ensemble simulations
545at 400 K were performed, followed by a simulated annealing (SA)
546process to get the lowest energy structure. Norm conserving
547pseudopotentials were used for core electrons60 and DZVP quality
548Gaussian type basis sets were used for all atoms except Ce; for Ce, a
549DZV quality basis set was used. An auxiliary plane-wave basis set with
550400 Ry cutoff criteria was used for calculating electrostatic terms.61 Γ-
551point approximation was used for Brillouin zone sampling. Starting
552from the structure reported in the literature,56 we simulated the GO-
553PdH system which contains one layer of graphene oxide (function-
554alized with COOH and OH group), Pd nanocluster with 50 Pd atoms
555(with 24 hydrogen atoms occupying the hollow sites of Pd
556nanocluster) and 162 water molecules (see Figure S16). For GO-
557PdH systems with MOs we added (MoO3)3 and (CeO2)3 trimer on
558top of the above-mentioned system (see Figures S18 and S19) and
559performed the AIMD simulation followed by the SA process to obtain
560the lowest energy structure of the GO-PdH-MoO3 and GO-PdH-
561CeO2 system. The reaction barrier for the Volmer reaction was
562computed by constraining the position of hydrogen(s) involved in the
563reaction. Thus, our computed reaction barriers are an approximate
564transition state which is the upper limit of the actual reaction barrier
565of the process. This means that the rates computed using these
566barriers will be lower than the actual rate of the reaction observed
567experimentally.
568Furthermore, to model the electrochemistry in an acid medium, we
569added H+ (i.e., added proton to bulk water) and Cl− counterion in
570our system GO-PdH (GO-PdH-acid) and GO-PdH-MoO3 system
571and optimized using density functional theory (DFT). It should be
572noted that experimentally, HClO4 was used in the acidic electrolyte
573solution. In our model, we used HCl in order to simplify our
574modeling effort. The Volmer reaction for the GO-PdH-acid system is
575following:
576

Volmer Step: H O e Pd PdH H O3 2+ + ++
577(7)

578The Gibbs free energy (ΔG) of the Volmer reaction in acid
579medium can be expressed as follows:

G E k T T S2.303 pHB= + × 580(8)

581where ΔG is the Gibbs free energy difference of the reaction, ΔE is
582the electronic energy difference of the reaction, kB is Boltzmann
583constant, T is temperature, pH is the strength of acidity of the
584solution, and ΔS is the change in entropy of the reactant and product.
585For the Volmer reaction, the ΔG value of the process depends on
586the pH of the solution. However, the ΔS term is rather small as we are
587breaking one O−H bond and forming a Pd−H bond. Hence, for the
588Volmer reaction, the effect of pH should be considered while
589computing the reaction free energy. However, the pH term is a linear
590term and will be similar for the GO-PdH-acid and GO-PdH-MoO3
591system and thus neglected in Figure 3 in the main manuscript.
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592 The overall rate of the Volmer reaction for the GO-PdH-acid
593 system is as follows:

r k(GO PdH acid) H O PdH O 33
= [ ][ ]++

594 (9)

595 where r(GO-PdH-acid) is the rate of the Volmer reaction for the GO-
596 PdH-acid system. kH3O+ is the rate constant of the Volmer reaction
597 from the bulk water, and [H3O+] and [Pd] are concentrations of
598 available protons and empty Pd sites where H+ and electrons can
599 move from bulk water to the Pd surface.
600 In the presence of GO-PdH-MoO3, the Volmer reaction is as
601 follows:
602

Volmer Step: (MoO )H e Pd PdH MoO3 3+ + ++
603 (10)

604 The Volmer reaction from the MoO3 site depends on the proton
605 transfer from bulk water to the oxygens (Figure S20) of MoO3:

MoO H O (MoO )H H O3 3 3 2+ ++ +
606 (11)

607 This is a pH-dependent process, and relative occupation of MoO3
608 and (MoO3)-H+ is governed by the Henderson−Hasselbalch equation
609 (Figure S15a). Moreover, in the presence of MO, the Volmer reaction
610 can also happen directly from bulk water similar to the GO-PdH-acid
611 system. Thus, the overall reaction rate for the Volmer process for the
612 GO-PdH-MoO3 system is the following:

r

k y k

x

(GO PdH MoO )

H O Pd (MoO ) H Pd
3

H O 3 (MoO ) H 33 3
= [ ][ ] × + [ ][ ]

×

+ ++ +

613 (12)

614 where r(GO-PdH-MoO3) is the rate of the overall Volmer reaction in
615 the presence of MoO3. kH3O+ and k(MoO3)‑H+ are the rate constants of
616 the Volmer reaction from the bulk water and protonated MoO3 sites,
617 respectively. [H3O+] and [(MoO3)-H+] are concentrations of
618 protonated water and MoO3 sites, respectively, and [Pd] is the
619 concentration of empty Pd sites where H+ and electrons can move
620 during the Volmer reaction. x + y = 1 and x and y represent the
621 fraction of empty Pd sites that are close to MO and water,
622 respectively.
623 The concentration of Pd (empty sites shown on (Figure S15b) in
624 the second term of eq 12 will depend on not only the proximity but
625 also the probability Volmer reaction from the bulk water. At a high
626 acid concentration, the Pd sites can take H directly from bulk water,
627 thereby reducing the rate enhancement due to MoO3 sites. The rate
628 enhancement due to MoO3 sites comes from the second term of eq
629 12.
630 Thus, the overall rate enhancement due to MoO3 can be written as
631 the ratios of eqs 12 and 9

y
k x

k

rate enhancement factor
(MoO ) H PdMoO H 3

H O

3

3

= +
× [ ][ ] ×++

+
632 (13)

633 In eq 13, the ratio of kHd3O
+ and k(MoOd3)−H

+ can be roughly estimated

634
from the Arrhenius equation ( )k A exp G

k TB
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zzz= ×

‡
, where A is the

635 pre-exponential rate factor, ΔG‡ is the reaction energy barrier for the
636 Volmer step, kB is the Boltzmann constant, and T is the temperature
637 of the reaction. Assuming the pre-exponential factor A and entropy
638 term (TΔS) to be equal for both kHd3O

+ and k(MoOd3)−H
+, the ratio of the

639 rate constants can be approximated as follows:
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+
640 (14)

641 where ΔΔE‡ is the electronic energy difference of the Volmer reaction
642 energy barrier from the MoO3 site and bulk water, respectively.

643To model the Volmer reaction in the basic medium, we added a Na
644atom in our GO-PdH system (which will be referred to as GO-PdH-
645base) which acts as the source of electrons, as shown in the reaction
646mechanism below. The addition of the Na atom acts as the proxy of
647free electrons from the electrode. The Volmer reaction in the
648presence of base is as follows:
649

Volmer Step: H O e Pd PdH OH2 + + + 650(15)

651The reaction free energy (ΔG) of the Volmer reaction in the
652presence of base can be written as follows:

G E k T p T S2.303 OHB= × 653(16)

654where ΔG is the Gibbs free energy difference of the reaction, ΔE is
655the electronic energy difference of the reaction, kB is Boltzmann
656constant, T is temperature, pOH is the strength of basicity of the
657solution, and ΔS is the change in entropy of the reactant and product.
658For the Volmer reaction, the ΔG of the process depends on the
659pOH of the solution. However, the ΔS term is rather small as we are
660breaking one O−H bond and forming a Pd−H bond. Hence, for the
661Volmer reaction, the effect of pOH should be considered in the
662reaction free energy. However, the effect of pOH is the same for the
663GO-PdH-base and GO-PdH-CeO2 systems and hence neglected in
664Figure S15.
665The Volmer reaction rate for the GO-PdH-base system is the
666following:

r k(GO PdH base) H O PdH O 22
= [ ][ ]

667(17)

668Similar to the GO-PdH-base system, we also added a Na atom to
669the GO-PdH-CeO2 system, then computer Volmer reaction pathways
670for the GO-PdH-CeO2 system. The Volmer reaction for the GO-
671PdH-CeO2 system is as follows:
672

Volmer Step: (CeO )H e Pd PdH (CeO )2 2+ + + 673(18)

674Note that during our NVT simulation, two of the bulk water
675molecules dissociated on the (CeO2)3 cluster and protonated one
676terminal and one μ2 oxygen of the (CeO2)3 cluster. This is consistent
677with the fact that CeO2 is a basic oxide. These protons can further
678participate in the Volmer reaction, as shown in the reaction step
679above.
680The Volmer reaction from the CeO2 site depends on the pOH of
681the overall system. Under strong basic conditions, the μ2 oxygen sites
682will no longer remain in the protonated state; hence, the Volmer
683reaction will not happen. The deprotonation of the (CeO2)-H sites
684happens using the following chemical reaction:

(CeO )H OH (CeO ) H O2 2 2+ + 685(19)

686The relative ratio of protonated versus deprotonated CeO2 sites
687also depends on the pH/pOH of the system and is governed by the
688Henderson−Hasselbalch equation.
689Similar to the MoO3 case, in the presence of the CeO2, the Volmer
690reaction can also happen directly from bulk water as in the GO-PdH-
691base system. Thus, the overall reaction rate for the Volmer process for
692the GO-PdH-CeO2 system is as follows:

r

k y k x

(GO PdH CeO )

H O Pd (CeO ) H Pd
2

H O 2 (CeO ) H 22 2
= [ ][ ] × + [ ][ ] ×

693(20)

694where r(GO-PdH-CeO2) is the rate of the overall Volmer reaction in
695the presence of CeO2. kH2O and k(CeO2)‑H are the rate constants of the
696Volmer reaction from the bulk water and protonated CeO2 sites,
697respectively. [H2O] and [(CeO2)-H] are the concentrations of
698available water and CeO2 sites from which H+ for the Volmer reaction
699can be abstracted, [Pd] is the concentration of empty Pd sites where
700H+ and electrons can move during the Volmer reaction, and y and x
701are fraction of empty Pd sites near bulk water and CeO2, respectively

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c06398
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06398/suppl_file/ja3c06398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06398/suppl_file/ja3c06398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06398/suppl_file/ja3c06398_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06398/suppl_file/ja3c06398_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c06398?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


702 (y + x = 1). Thus, the overall rate enhancement factor for the GO-
703 PdH-CeO2 system can be expressed as follows:

y
k x

k

rate enhancement factor
(CeO ) H PdCeO H 2

H O

2

2

= +
× [ ][ ] ×

704 (21)

705 In eq 21, the ratio of kCeOd2−H and kHd2O can be estimated using the
706 following equation:

k

k
E

k T
expCeO H

H O B

2

2

i
k
jjjjj

y
{
zzzzz=

‡

707 (22)

708 It should be noted that the reference state of the catalyst in acid
709 and basic media is different; therefore, relative energetics of the
710 reactions of the GO-PdH-acid and GO-PdH-base cannot be
711 compared directly without factoring in the shift of the reference
712 state. To simplify this comparison, we compared the GO-PdH-acid
713 with GO-PdH-MoO3 and GO-PdH-base with GO-PdH-CeO2
714 systems directly.
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