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Electrochemical devices

 
 
 
Battery

Manganese dry cell
Lead battery
NiCd, NiH secondary battery
Fuel cell
Lithium secondary battery

Capacitor
Electrolytic condenser
Double layer condenser
Supercapacitor

Photovoltaic cell
c-Si, a-Si solar cell
Dye sensitized solar cell

photoelectrochemical  
hydrogen production

Sensor
pH meter
ion selective concentration meter
glucose, etc. (using enzyme)
gas (oxygen, etc.)

Electroplating
Cathodic protection

Fe → Fe2O3 
Electrolysis

Aluminum, Copper, etc.
Water, salt, etc.
Organic chemicals
tetraethyl lead



Challenges in modelling an 
electrochemical reaction

Electric field: 0.1~0.5 V/Å

25℃, 1.0M NaCl, Electrode: Pt

1 NaCl / 50 H2O
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3-layer Pt(111):  
460Pt atoms

4 nm2 surface area

Length scale of EDL: 
nm ~ μm

2 nm:     800 atoms (    264 H2O,     5 NaCl)
Depth

10 nm:   5000 atoms (  1320 H2O,   25 NaCl)
0.1 μm: 50000 atoms (13200 H2O, 250 NaCl)

µ

Helmholtz layer: ~Å

Diffuse layer
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1.Strong electric 
field in Helmholtz 
layer

2.Screening in diffuse 
layer 

3.Origin of electrostatic 
potential

4.Bias potential 
control
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4 Challenges in modelling an 
electrochemical reaction for DFT-MD



1.Strong electric 
field in Helmholtz 
layer

2.Screening in diffuse 
layer 

3.Origin of electrostatic 
potential

4.Bias potential 
control

Effective Screening 
Medium method

Phys. Rev. B 73, 115407 (2006)

Phys. Rev. B 88, 155427 (2013)

Phys. Rev. Lett. 109, 266101 (2012)
Constant-μ method

Smooth ESM method

電気化学界面シミュレーションの課題
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watermetal

ESMとは？

el
ec
tro
de

従来のDFT計算のプログラムを用いて電池・キャパシタ構造の
電子状態計算を可能になる

従来の方法では周期境界を課すので、外側に電極を置くような計算はできなかった
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ESM法を用いたシミュレーションの様子

ESM e−e−e−e−
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Limitation of the original conventional DFT-MD

A. Lozovoi et al., JCP 115, 1661 (2001)

conventional 
simulation

experimental 
simulation



電子系のグランドカノニカルアンサンブル法
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図 ７ ． ３ 水 の 温 度 制 御
１＝５ｐｓにおいて，温度７；，を３００Ｋから３５０Ｋにあげた．
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図７．４水のＪ１モカ制御
＝５ｐｓにおいて，圧力／４を１０００ａｔｍから３０００ａｕ１１にあげた．

ここでは，立方休セルに対し休秘レを一・般化座標として運助方程式を導い

た．もちろん，体秘ドの代わりにセルの一辺の長さ

乙 ＝ 副 （ ７ ． ５ ３ ）

を変数としてもかまわない．さらには，直方体セルに対し，各辺の長さ

回
口し

を一般化座標として，三つの方向の圧力がそれぞれ

ｊに以

（７．５４）

（７．５５）

となるように制御することもできる．たとえば，鳥・＝几＝ｈ１１１１１として，八＝

０．５ａｔｍのようにとれば，表而張力-定のＭＤ計拿１：力４１呼能となる．次節ではこ

れをさらに拡張して，セルの傾きまで自山度を与えることにより圧カテンソル

Ｐを制御する方法を示す．

７ ． ５ パ リ ネ ロ ・ ラ ー マ ン の 方 法
ここでは，基本セルの各辺の長さが自山に変わると｜・り時に，セルの傾きも変

化し，圧力の平均値がハと一定となるようなＭＤ計算について説明する．こ
れにより，紘品系が界なるｊ川休間での相転移や，不均・系でのひずみのない

ＭＤ計算が可能となる．

基本セルを記述するのに，図７．５に示すように平行六而体セルの各辺を表す
ペクトルａ，６，ｃを川いて行列１を定義する．

£＝（ａろｃ）

Conventional NPT MD simulation

If we can introduce a fictitious motion for amount of charge     , we can 
realize  NVTμe MD simulation

μ 
(e

V)

t (ps)

ne

vcell

v̇cell =
Pvcell

Mvcell

Ṗvcell = P � P
ext

: Cell volume
Mvcell : Fictitious mass for variable cell

ṅcell =
Pncell

Mncell

Ṗncell = µ� µ
ext

from Virial theorem



定電位手法
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• 系の電荷量（  ）を運動の変数とするnsystem 
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時間発展

• Potentiostatを接続し、systemの電位
を       に保つµ

ext

仮想的なLagrangianを導入

ここで、　 は電荷量の仮想的な重さを表す。Euler-Lagrange方程式は

となる。
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N. Bonnet et al., Phys. Rev. Lett. 109, 266101 (2012)



Test calculation (Pt-H2O interface)
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Experimental technique on electrochemical devices

in situ spectroscopy

I-V characteristic

• X-ray emission/absorption spectroscopy (XES/XAS) 
• Raman spectroscopy 
• Infrared spectroscopy (IR) 
• Auger electron spectroscopy (AES) 
• etc…

• Cyclic voltammetry (CV) 
• Linear sweep voltammetry (LSV) 
• Charge/discharge characteristic 
• Impedance spectroscopy 
• etc… 動作環境下における第一原理

シミュレーションが可能に



XAS analysis of carbon aerogel super 
capacitor
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electronic structure reorganization under applied bias is ena-
bled by a recently developed in operando soft XAS capability 
(Figure S1, Supporting Information), which selectively probes 
the graphene electrode within the electrode–electrolyte interface 
(Figure  1 b). The resulting XAS data reveal spectral signatures 
that appear only under applied bias and connote both local geo-
metrical distortion and ion adsorption. A comparison to direct 
ab initio simulations of the XAS spectra from graphene elec-
trodes under bias provides an atomic-level understanding of 
the observed spectral signatures. The changes in structure and 
bonding identifi ed within functioning supercapacitors indicate 
that current charge storage models, such as the conventional 
rigid band-structure model of EDL capacitors, must be revised. 

  The rigid band-structure model assumes that bias-induced 
electron accumulation/depletion (generally up to ≈0.01  e  per 
carbon atom for graphene electrodes) only shifts the Fermi level 
without changing the underlying electronic density of states 
(DOS) of the electrode (Figure   1 c). [ 2,10 ]  Nonetheless, polariza-
tion of the electrode–electrolyte interface generates extremely 
strong local electric fi elds (≈10 9  V m –1 ) [ 11 ]  that, in principle, 
may be capable of perturbing the intrinsic electronic structure 
(Figure  1 d), thereby violating the rigid band structure model. 

Considering this effect becomes especially important for mate-
rials with a low DOS near the Fermi level, such as graphene, 
where the interfacial capacitance is dominated by the quantum 
capacitance, [ 2 ]  even a small increase in the DOS at the Fermi 
level would lead to a dramatic increase in the interfacial capaci-
tance. Here, we employ in operando XAS as an ideally suited 
experimental probe of these changes in the DOS, since it is ele-
ment specifi c and exquisitely sensitive toward subtle changes in 
bonding and structure (information that cannot be accessed by 
more traditional characterization techniques). [ 12,13 ]  

 In operando C K-edge XAS measurements of 3D-NG EDL 
capacitor electrodes reveal profound and unexpected changes in 
the electronic structure of the graphene building blocks upon 
interfacial charging ( Figure    2  ). Specifi cally, a comparison of 
the XAS spectra recorded at +250 to +1000 mV in 1  M  NaCl (aq)  
(Figure  2 a) with data at 0 mV (Figure  2 b) reveals two new reso-
nances at 287.3 and ≈291 eV (henceforth, α and β, respectively). 
In contrast, no experimentally signifi cant changes in the XAS 
spectra were observed under negative bias (Figure  2 c,d). The 
intensities of α and β change systematically with the applied 
positive bias (Figure S2 and S3, Supporting Information); how-
ever, the dependencies of the two resonances on bias are dif-
ferent (Figure  2 e). In addition, α and β dissipate upon removal 
of the applied bias, indicating that both processes are largely 
reversible (Figure S4, Supporting Information). Notably, other 
spectral features, including the C C π* resonance at 285.4 eV, [ 14 ]  
remain unchanged to within experimental error, irrespective 
of the applied bias. Further, both electrochemical characteriza-
tion (Figure S5, section II.2, Supporting Information) and laser 
Raman spectroscopy measurements (Figure S6, Supporting 
Information) conducted before and after XAS suggest that no 
deterioration of the 3D-NG electrode or the EDL capacitor per-
formance has occurred as a result of X-ray exposure.  

 Our discussion of the spectral evolution as a function of 
time focuses primarily on β at +1000 mV, where statistical con-
fi dence is high due to the relatively large intensity changes. 
The initial response of β is a smooth increase in intensity over 
≈300 s until a temporary plateau is reached (Figure  2 f). The 
intensity of β subsequently decreases over a period of tens of 
minutes, as shown in three sequential spectra at +1000 mV 
(Figure  2 g; α also diminishes, though at a different timescale 
– Figure S7 and S8, Supporting Information). The delayed 
growth and decline imply activated processes, which may be 
ion diffusion or changes in conformation. The timescale of the 
onset behavior is reminiscent of the measured charge times 
for these materials, [ 15 ]  indicating that the initial growth of β 
is linked to charging dynamics and is thus likely ion-diffusion 
related. On the other hand, the much longer timescale decline 
of β is most probably connected to dissipation of strain energy 
through broader morphological changes. No signifi cant tem-
poral evolution was identifi ed under any applied negative bias. 

 Preliminary assignment of α and β is guided by a substantial 
foundation of carbon XAS. Resonance α resides in an energy 
range, 286–289 eV, largely dominated by σ* resonances asso-
ciated with C X chemistry, where X denotes a specifi cally 
adsorbed element or functional group. [ 12 ]  Meanwhile, β falls 
within a regime, 290–293 eV, associated with σ* features in 
graphite; [ 12,14,16 ]  these resonances are sensitive to modifi ca-
tions in C C bond geometry, e.g., due to strain or changes 

Adv. Mater. 2014, 
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 Figure 1.    a) 3D-NG is a model graphitic electrode material comprised 
of a hierarchical pore structure, as demonstrated by scanning electron 
microscopy, with b) ligaments, shown schematically, composed of nano-
porous, interconnected, single-layer graphene sheets. Under applied bias, 
charge is stored in the assembled electric double layer. During charging, 
bias-induced changes of the electrode’s electronic structure (specifi cally 
the unoccupied density of states) can be directly interrogated by in oper-
ando soft X-ray absorption spectroscopy ( hν  in / hν  out ). The technique thus 
provides atomic level insight into the mechanism of bias-induced charge 
accumulation/depletion by allowing one to differentiate between Fermi 
level shifts (rigid band approximation, shown in c) for positive applied 
bias), and d) complex changes in electronic structure that mirror altered 
electrode surface chemistry and morphology.
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in coordination. Ab initio simulations were 
employed to help with the identifi cation of 
specifi c charge-induced atomic- and mes-
oscale phenomena that can explain the 
observed bias-dependent resonances (see 
Experimental Section). As accounting for the 
effect of bias is essential, a new theoretical 
methodology was developed for this study 
that combines density functional theory-
based (DFT) techniques [ 17 ]  for XAS calcula-
tion [ 18 ]  with the effective screening medium 
method, [ 2,19 ]  which inserts into the periodic 
simulation box a fi ctitious counter electrode 
(CE) with perfect screening properties (i.e., 
infi nite dielectric constant). Within this 
framework, the bias is set by adjusting the 
excess charge on the total system (Figure S9, 
Supporting Information). The relative chem-
ical shifts are estimated using the procedure 
described by England et al. [ 20 ]  For simplicity, 
we base our models on defect-free, single-
layer graphene. Because this approach 
neglects any local heterogeneity that may 
exist within 3D-NG, we limit our discussion 
and analysis to relative spectral changes with 
applied bias, which we assume to be robust 
with respect to the structural details of the 
models. 

 The observation that α appears at 287.3 eV 
and only under positive bias (Figure  2 d) is 
consistent with specifi c adsorption of anions 
on the electrode surface. In a NaCl (aq)  elec-
trolyte, the two most likely candidates are 
Cl −  and OH − , yet discrimination between 
these adsorbents is challenging because 
the C Cl and C OH σ* resonances can 
both occur at the relevant energy. [ 12,21 ]  Con-
sequently, we leverage XAS simulations 
( Figure    3  ) to demonstrate that, of these two 
ions, only OH −  adsorption exhibits bias-
dependent behavior consistent with the 
experimental data. Specifi cally, the simu-
lated C OH σ* resonance appears in the 
correct energy window even at low applied 
bias (see Figure  3  for defi nition), and shifts 
negligibly with increasing bias; both features 
are consistent with Figure  1 a. In contrast, 
the simulated C Cl σ* resonance resides in 
a higher energy window that would be con-
volved with the C C σ* resonance at lower 
bias (≤ +0.0075  e /atom), yet shifts downward 
by >2 eV as the bias is increased. As a result, 
we conclude that Cl −  adsorption is not appre-
ciable within the potential range we measure. 
The response to applied bias is also refl ected 
in the C X bond geometry. For OH − , short 
C X bond distances (1.47–1.52 Å) and near-
tetrahedral C C X bond angles (108–110°) 
are predicted for all positive biases, consistent 
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 Figure 2.    In operando carbon K-edge XAS data for a 3D-NG EDL capacitor electrode in 
1  M  NaCl (aq)  under: a) constant DC biases between +250 and +1000 mV (green), b) zero bias 
(orange), and c) –1000 mV (dark blue). Fits to the experimental data in (a) through (c) are 
obtained via a self-consistent, quasi Monte-Carlo, algorithm (dashed black); two prominent, 
bias-dependent, subcomponents of the fi t are extracted (light blue and red) and displayed with 
the remainder (gray). d) Difference spectra of +1000 and −1000 mV with respect to zero bias. 
e) Normalized intensity variation of bias-dependent subcomponents of the fi t as a function of 
applied bias. f) Absorption intensity at  hv  = 290.5 eV sampled at ≈1Hz for 600 s, after bias jump 
from 0 mV to +1000 mV. g) Sequentially recorded in operando XAS data collected immediately 
after application of +1000 mV, (∆ t  i,( i +1)  =760 s for  t  0 ,  t  1 ,  t  2 ). Fits and subcomponents are also 
displayed (vide supra).

0 V 1000 mV➠

Advanced Materials 27, 1512 (2015)

Newly developed XAS technique reveals  
the bias induced changes of the 
electronic structure of the electrode. 
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in coordination. Ab initio simulations were 
employed to help with the identifi cation of 
specifi c charge-induced atomic- and mes-
oscale phenomena that can explain the 
observed bias-dependent resonances (see 
Experimental Section). As accounting for the 
effect of bias is essential, a new theoretical 
methodology was developed for this study 
that combines density functional theory-
based (DFT) techniques [ 17 ]  for XAS calcula-
tion [ 18 ]  with the effective screening medium 
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simulation box a fi ctitious counter electrode 
(CE) with perfect screening properties (i.e., 
infi nite dielectric constant). Within this 
framework, the bias is set by adjusting the 
excess charge on the total system (Figure S9, 
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ical shifts are estimated using the procedure 
described by England et al. [ 20 ]  For simplicity, 
we base our models on defect-free, single-
layer graphene. Because this approach 
neglects any local heterogeneity that may 
exist within 3D-NG, we limit our discussion 
and analysis to relative spectral changes with 
applied bias, which we assume to be robust 
with respect to the structural details of the 
models. 

 The observation that α appears at 287.3 eV 
and only under positive bias (Figure  2 d) is 
consistent with specifi c adsorption of anions 
on the electrode surface. In a NaCl (aq)  elec-
trolyte, the two most likely candidates are 
Cl −  and OH − , yet discrimination between 
these adsorbents is challenging because 
the C Cl and C OH σ* resonances can 
both occur at the relevant energy. [ 12,21 ]  Con-
sequently, we leverage XAS simulations 
( Figure    3  ) to demonstrate that, of these two 
ions, only OH −  adsorption exhibits bias-
dependent behavior consistent with the 
experimental data. Specifi cally, the simu-
lated C OH σ* resonance appears in the 
correct energy window even at low applied 
bias (see Figure  3  for defi nition), and shifts 
negligibly with increasing bias; both features 
are consistent with Figure  1 a. In contrast, 
the simulated C Cl σ* resonance resides in 
a higher energy window that would be con-
volved with the C C σ* resonance at lower 
bias (≤ +0.0075  e /atom), yet shifts downward 
by >2 eV as the bias is increased. As a result, 
we conclude that Cl −  adsorption is not appre-
ciable within the potential range we measure. 
The response to applied bias is also refl ected 
in the C X bond geometry. For OH − , short 
C X bond distances (1.47–1.52 Å) and near-
tetrahedral C C X bond angles (108–110°) 
are predicted for all positive biases, consistent 
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 Figure 2.    In operando carbon K-edge XAS data for a 3D-NG EDL capacitor electrode in 
1  M  NaCl (aq)  under: a) constant DC biases between +250 and +1000 mV (green), b) zero bias 
(orange), and c) –1000 mV (dark blue). Fits to the experimental data in (a) through (c) are 
obtained via a self-consistent, quasi Monte-Carlo, algorithm (dashed black); two prominent, 
bias-dependent, subcomponents of the fi t are extracted (light blue and red) and displayed with 
the remainder (gray). d) Difference spectra of +1000 and −1000 mV with respect to zero bias. 
e) Normalized intensity variation of bias-dependent subcomponents of the fi t as a function of 
applied bias. f) Absorption intensity at  hv  = 290.5 eV sampled at ≈1Hz for 600 s, after bias jump 
from 0 mV to +1000 mV. g) Sequentially recorded in operando XAS data collected immediately 
after application of +1000 mV, (∆ t  i,( i +1)  =760 s for  t  0 ,  t  1 ,  t  2 ). Fits and subcomponents are also 
displayed (vide supra).



XAS analysis of carbon aerogel super 
capacitor

Advanced Materials 27, 1512 (2015)

XAS spectral calculation with  
quantum espresso package

electrode

graphene

OH Cl
http://www.quantum-espresso.org

Low bias High bias Cl−は印可電圧による表面状態変化を
誘発しやすい



Experimental technique on electrochemical devices

in situ spectroscopy

I-V characteristic

• X-ray emission/absorption spectroscopy (XES/XAS) 
• Raman spectroscopy 
• Infrared spectroscopy (IR) 
• Auger electron spectroscopy (AES) 
• etc…

• Cyclic voltammetry (CV) 
• Linear sweep voltammetry (LSV) 
• Charge/discharge characteristic 
• Impedance spectroscopy 
• etc… 動作環境下における第一原理

シミュレーションが可能に



面方位で異なる反応

dependent on the crystallographic orientation of Pt(hkl). In order

to circumvent this problem, i.e., the fast kinetics of the HER in

acid solutions at room temperature, as we did with alkaline

solution, we measured the kinetics of these processes in acid

solution at the lowest temperatures possible with dilute solutions,

e.g., 274 K.

In this paper, we utilized the rotating disk technique we have

developed11 for single-crystal Pt disk electrodes (RDPt(hkl)E) and

present results for the kinetics of both the HER and the HOR

in acid solution at 274-333 K. For the first time, a structural
sensitivity of the kinetics of both the HER and HOR is seen on

Pt(hkl) in 0.05 M H2SO4 solution with activation energies that

vary with crystal face. There is, thus, a compensation effect

which narrows the differences in rate between crystal faces at

298 K, which explains in part the absence of structure sensitivity

in previous studies at ambient temperature. We present a

detailed analysis of the kinetic parameters, including exchange

current densities, Tafel slopes, and activation energies, and

suggest the most probable reaction mechanisms for the HER

and HOR on the different Pt(hkl) surfaces in dilute sulfuric acid

solution.

2. Experimental Section

The pretreatment and assembling of the Pt(hkl) single crystals

(0.283 cm2) in a RDPt(hkl)E configuration was fully described

previously.11 Following flame annealing, the single crystal was

mounted in the disk position of an insertable ring disk electrode

(RDE) assembly.11 Subsequently, it was transferred into a

standard electrochemical cell and immersed into 0.05 M H2SO4
(J. T. Baker reagent) under potentiostatics control at �0.2 V.
The cleanliness of the transfer and the electrolyte, even under

sustained rotation at high rotation rates, was demonstrated in

our previous work.11 Upon immersion, the electrolyte was

equilibrated for 5 min with the hydrogen gas (Spectra Gases, 6

N). All experimental measurements reported in this study were

conducted in a standard three-compartment electrochemical cell

equipped with the water jacket. A circulating constant tem-

perature bath (Fisher Isotemp Circulator) maintained the tem-

perature of the electrolyte within (0.5 °C. All measurements
were conducted nonisothermally, i.e., keeping the temperature

of reference electrode constant (ca., 298 K) while that of the

working electrode is varied from 274 to 333 K. The reference

electrode was a saturated calomel electrode separated by a bridge

in order to prevent Cl- contamination of electrolytes. However,

all potentials were corrected to a “constant-temperature” scale,

and are referenced to the reversible hydrogen electrode at 1 atm

of hydrogen at the same temperature in the same electrolyte.

Current-potential curves were obtained potentiodynamically
(sweep rate 10 mV/s) and were recorded simultaneously on a

chart recorder and digitally on an IBM PC (486) computer using

Labview for Windows.

3. Results

3.1. Temperature Effects on Cyclic Voltammetry of

Pt(hkl): Adsorption Isotherms. Figure 1 shows cyclic voltam-

mograms for Pt(hkl) in 0.05 M H2SO4, recorded at 274, 303,

and 333 K. It is obvious that voltammetric features for all three

single crystals, recorded over the range of temperature studied,

are very similar to those observed at a room temperature.7,11

Given that consensus in interpretation appears to be emerging

with respect to the nature of processes which occur on Pt(hkl)

in a sulfuric acid solution at the ambient temperature, only a

brief interpretation of the voltammograms recorded at 274 K

will be presented in this section. The current-potential curve
of Pt(111), Figure 1c, gives a distinctive voltammogram with a

broad, nearly flat hydrogen desorption/adsorption peak between

�0.05 < E < 0.375 V, and the so-called “anomalous” peak at

�0.4-0.6 V, which corresponds to the adsorption/desorption
of bisulfate anions.12 The main characteristic of the well-ordered

Pt(100) voltammetry in sulfuric acid is that the two well-

delineated peaks at 0.4 and 0.25 V correspond to the coupling

of hydrogen adsorption with the bisulfate anion desorption on

(100) terrace sites and n(100) ⇥ (111) step sites, respectively.13

In the case of the Pt(110) surface in 0.5 M H2SO4, the initial

adsorption of hydrogen, most likely at (111) microfacets (0.2

< E < 0.3 V), is followed by the adsorption of hydrogen at the

step sites (0.05 < E < 0.2 V). The adsorption of hydrogen at

the step sites, however, is accompanied by the desorption of

bisulfate anions.13

For the sweep rate employed here, the underpotential deposi-

tion of hydrogen is at quasi-equilibrium, and the adsorption

isotherm may be obtained directly by integration of the

voltammetry curves shown in Figure 1. Again, because the

shape of the adsorption isotherms as well as the charge

associated with the hydrogen adsorption on Pt(hkl) were almost

independent of the temperature of the electrolyte, only adsorp-

tion isotherms assessed for Hupd on Pt(hkl) at 274 K will be

shown (see Figure 2). In this work, the fractional coverage for

Hupd, �Hupd, is based on the surface atomic density assuming
one-electron transfer per surface atom. The surface atomic

densities for (111) and (100) were based on their unreconstructed

(1 ⇥ 1) geometry rather than any reconstructed phase, because

our recent surface X-ray scattering (SXS) studies confirmed the

(1 ⇥ 1) structure of the Pt(111) (1.5 ⇥ 1015 atoms/cm2) and

Pt(100) (1.3 ⇥ 1015 atoms/cm2) single crystals in contact with

several electrolytes.14,15 SXS results for Pt(110) have indicated

that Pt(110), prepared by the flame annealing-hydrogen cooling
method, is reconstructed into a (1 ⇥ 2) structure with a surface

density of 4.6 ⇥ 1014 atoms/cm2.15 The theoretical charge for

the formation of the monolayer of Hupd on the (1 ⇥ 1) and (1

⇥ 2) surfaces, however, is the same (�147 µC/cm2) since two

Figure 1. Cyclic voltammograms of Pt(hkl) in the RDPt(hkl)E config-
uration in 0.05 M H2SO4 at (s) 274 K, (- - -) 303 K, and (- -) 333
K; rotation rate, 900 rpm; sweep rate, 50 mV/s.
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between the current density and the overpotential is valid; e.g.,

where i0 is the exchange current density and � ((10 mV) is
the applied overpotential. Figure 5 shows the magnification of

currents in the vicinity of the reversible potential. Current

Versus potential data yields straight lines with the slope

corresponding to the exchange current density; see Figure 5 and

Table 1. While the data in Figure 5 is only for one rotation

rate, we note that essentially identical slopes were obtained at

all rotation rates used here. Examination of eq 1 reveals that

the pure diffusion overpotential will also have a “linear” region,

but with a slope proportional to id not i0, and thus would be

rotation rate dependent, which these are not. At the same

temperature, the exchange current densities increase in the order

i0(111)< i0(100)< i0(110), which gives the order of absolute kinetic

activities of three surfaces. The values of the exchange current

densities determined from the data in Figure 5 are summarized

in Table 1. With reference to the anodic Tafel plots in Figure

4, note that for (111) and (100) surfaces the exchange current

densities, determined from the slopes in the micropolarization

region and those determined by extrapolation from the linear

Tafel region, are in excellent agreement (within 5%). This

concurrence supports the interpretation of the linear regions of

the Tafel plots for these surfaces as true Tafel slopes. For the

highly active (110) surface, there is some discrepancy between

the exchange current extrapolated from the Tafel plot (0.45 mA

cm-2) and that determined from the micropolarization region

(0.65 mA cm-2), indicating that the Tafel region for this surface

may still contain some diffusional overpotential, i.e., the true

kinetic Tafel may be slightly higher than 28 mV/dec, e.g., 30-
35 mV/dec.

Anodic and cathodic polarization curves for the different

Pt(hkl) surfaces are compared at three different temperatures

from 274 to 333 K in Figure 6. This comparison clearly shows

that the order of activity for the HER and the HOR on Pt(hkl)

seen at 274 K is maintained at higher temperatures. The

exchange current densities determined from the micropolariza-

tion data are summarized in Table 1. These results show clearly

that, while the structural sensitivity is very pronounced at low

temperatures (274-293 K), in the temperature range �303-
333 K the variation in the kinetics of the hydrogen reaction

between crystal faces is less pronounced (especially between

the (111) and (100) surfaces). This reconciles, at least in part,

the absence of structure sensitivity in all previously published

results6-8 for the HER on Pt(hkl) at room temperature. The

temperature dependencies of the relative rates of reaction appear

to indicate a compensation effect from structure-dependent

activation energies, causing this convergence of the kinetics on

the different crystal faces of Pt at higher temperatures.

TABLE 1: Kinetic Parameters for the HER and HOR on Pt(hkl) in 0.05 M H2SO4 at Different temperatures

exchange current densitya (mA cm-2)

Pt(hkl)
Tafel slope
(mV dec-1) 274 K 303 K 333 K

activation energy
(kJ mol-1) mechanism rds

Pt(110) 2.3RT/2F 0.65 0.98 1.35 9.5 Tafel-Volmer
Pt(100) 2.3RT/3Fb

2(2.3RT/F)c 0.36 0.60 0.76 12 Heyrovsky-Volmer
Pt(111) �2.3RT/F 0.21 0.45 0.83 18 Tafel-Volmer, Heyrovsky-Volmer
a Obtained from a linear polarization method. b Low current density. c High current density.

Figure 5. Comparison of polarization curves for the HER and the
HOR on Pt(hkl) in 0.05 M H2SO4 in the “micropolarization” potential
region at (a) 274 K, (b) 303 K, and (c) 333 K. Straight lines are the
slopes used to obtain the exchange current densities (see text). Rotation
rate was 900 rpm and sweep rate 10 mV/s.

i ) io(�F/RT) (3)

Figure 6. Broad potential range polarization curves for the HER and
the HOR on Pt(hkl) in 0.05 M H2SO4 at (s) 274 K, (- - -) 303 K, and
(- -) 333 K; rotation rate, 900 rpm; sweep rate, 10 mV/s.
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currents in the vicinity of the reversible potential. Current
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corresponding to the exchange current density; see Figure 5 and
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the pure diffusion overpotential will also have a “linear” region,

but with a slope proportional to id not i0, and thus would be

rotation rate dependent, which these are not. At the same

temperature, the exchange current densities increase in the order

i0(111)< i0(100)< i0(110), which gives the order of absolute kinetic
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densities determined from the data in Figure 5 are summarized

in Table 1. With reference to the anodic Tafel plots in Figure

4, note that for (111) and (100) surfaces the exchange current
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Anodic and cathodic polarization curves for the different
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from 274 to 333 K in Figure 6. This comparison clearly shows

that the order of activity for the HER and the HOR on Pt(hkl)

seen at 274 K is maintained at higher temperatures. The

exchange current densities determined from the micropolariza-

tion data are summarized in Table 1. These results show clearly

that, while the structural sensitivity is very pronounced at low

temperatures (274-293 K), in the temperature range �303-
333 K the variation in the kinetics of the hydrogen reaction

between crystal faces is less pronounced (especially between

the (111) and (100) surfaces). This reconciles, at least in part,

the absence of structure sensitivity in all previously published

results6-8 for the HER on Pt(hkl) at room temperature. The

temperature dependencies of the relative rates of reaction appear

to indicate a compensation effect from structure-dependent

activation energies, causing this convergence of the kinetics on

the different crystal faces of Pt at higher temperatures.
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Pt(110) 2.3RT/2F 0.65 0.98 1.35 9.5 Tafel-Volmer
Pt(100) 2.3RT/3Fb
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region at (a) 274 K, (b) 303 K, and (c) 333 K. Straight lines are the
slopes used to obtain the exchange current densities (see text). Rotation
rate was 900 rpm and sweep rate 10 mV/s.

i ) io(�F/RT) (3)
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