复旦大学Nature Materials铜析氢研究遭网友质疑，问题出在哪？
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近日，复旦大学等单位的研究人员在《Nature Materials》杂志 2025 年 3 月刊上发表了一篇题为 “Electroreduction-driven distorted nanotwins activate pure Cu for efficient hydrogen evolution” 的研究论文（doi: 10.1038/s41563 - 024 - 02098 - 2，2025 年 2 月 3 日在线发表）。该研究提出通过电还原驱动的扭曲纳米孪晶来激活纯铜，实现高效析氢。
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然而，文章发表后引发网友热议。网友 Chionanthus ramiflorus 指出，论文中原子模型存在严重问题，图 3 中一些原子配位数异常低（约 0 - 3），与既定晶体学和表面科学原理相悖，且图 S11 显示有众多错位原子和过大原子间隙，这严重削弱了关于催化机制的结论；同时，将 2100 cm?1 拉曼信号归为 Cu - H 振动缺乏依据，现有文献未在该区域报道过 Cu - H 拉伸模式，且未进行同位素验证，而该区域是 Cu - CO 振动的常见范围，作者未考虑更合理的解释。Pontoporia blainvillei 认为铜会通过溶解 - 沉淀过程重构，对该体系模型表示怀疑，且指出 Pt - H 在拉曼中 HER 的位置也在～2100 cm?1，使文章令人费解。
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对此，作者 Fang Fang 回应称，纳米材料与完美晶体表面不同，有更多缺陷和边缘，能提供低配位表面原子位点，文中三维原子结构无配位数为 0 的原子，少量配位数 1 - 3 的原子仅在表面非理想结晶区域；2100 cm?1 附近波数代表 Cu - H 振动，已有文献报道，且实验在无含碳化合物的 Ar 饱和 0.5 M H?SO?水溶液中进行，排除了 CO 产生的可能性。
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但原评论者 Etmopterus schultzi 反驳，图 3 原子模型中极低配位数（CN = 1 - 3）原子在典型条件下不现实，同时存在 CN = 10 - 12 表面原子在晶体学上不可能，作者未解释这些矛盾及结构稳定性；拉曼峰归属仍无法排除 Cu - CO 吸附干扰，所引用文献不能有力支持 Cu - H 归属，且拉曼光谱与作者机制假设不一致。Etmopterus schultzi 还指出作者引用的三篇文献并未观察到配位数 1 - 3 的原子。
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此外，Etmopterus schultzi 和 Brachyctis Rugulosa 等网友提到，虽然作者称拉伸应变主导催化性能优化，但研究缺乏对压缩应变的讨论，实验数据（如 XRD 数据）未充分支持作者关于结构中主要是拉伸应变的说法；高分辨率电子显微镜测量与 XRD 结果存在矛盾；还有网友对补充图 28 中色条含义及光谱过度平滑提出疑问，希望作者提供原始未处理数据。
https://pubmed.ncbi.nlm.nih.gov/39900738/
https://pubpeer.com/publications/E7EA77ACC830FFB67717B003B55288#0
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Figure 3

The atomic model presented in Figure 3 raises serious concerns regarding its physical plausibility. Several atoms
exhibit abnormally low coordination numbers (~0-3), contradicting well-established crystallographic and surface
science principles. Even in highly undercoordinated nanocluster configurations, metallic Cu maintains

coordination numbers >4 (e.g., FCC lattice coordination = 12, edge/corer sites 2 4-6).

WOO

(11) N=0

=7 CN=6 =5

Figure SL1 further underscores these issues, showing numerous misplaced atoms and unphysically large
interatomic gaps. Such fundamental inconsistencies in the struglsalresanstzuctipnseyerehy yadesmine the

study’s conclusions regarding catalytic mechanisms.
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#2 Pontoporia blainvillei comment accepted March 2025

Copper is known to reconstruct through a dissolution-precipitation process, so the model in this system is
skeptical. There are bunches of paper about copper reconstruction in neutral conditions. In acid, it will be more
significant. J. Am. Chem. Soc. 2024, 146, 28, 19509-19520; J. Am. Chem. Soc. 2024, 146, 6, 4242-4251; Angew.
Chem. 2021, 133, 3, 1367-1374.

Pt-His also known to be located at ~2100 cm-1 in Raman for HER.

So this paper is entirely puzzling.
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Author Response

#3 Fang Fang comment accepted March 2025

Nanomaterials have completely different coordination surface comparing to perfect surface built with
crystallography. More defects and edges in nanomaterial system provide abundant surface atomic sites with very
low coordination. Electron tomography technique provide the ability to porbe these defect structures in
nanomaterials. For example, numbers of research have indentified surface atoms with low coordination numbers
(CN) of 1-3 [Nature 470, 374-377 (2011); Nature Mater 14, 1099-1103 (2015); Nature 624, 564-569, (2023) ].

The three-dimensional atomic structure in the manuscript (Nat. Mater. 24, 424-432 (2025) contains no atoms with
coordination number of 0. A very small fraction of atoms with coordination numbers of 1-3 are exclusively
located at the surface. As shown in Figure 3a and 3b, some of the distorted surface of the nanoparticle exhibits
structural imperfections, including regions with defects, lattice mismatch and dangling atoms. These low-

coordination (1-3) atoms are entirely confined to these non-ideal crystalline regions.

The atomic models shown in Figure S13 are demostration of perfect surface built with crystallography. They have

nothing to do with the real structure obtained by atomic resolution electron tomography (AET).

The wavenumber near 2100 cm-1 represents the Cu-H vibration, which has been well- reported in published
literatures (Angew. Chem. Int. Ed. 61, €202117809 (2022); J. Phys. Chem. C 120, 17334-17341 (2016)). Meanwhile,
the Raman tests of this work were performed in Ar-saturated 0.5M H2504,aqueous solution, in which no carbon-

containing compound exists, excluding the possibility of CO production.
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| am the original commenter, and unfortunately, the authors' response fails to adequately address the key

concerns.

1. Unphysical Atomic Model in Figure 3 The three-dimensional atomic model presented in Figure 3 remains
highly questionable. The existence of extremely low-coordination (CN = 1-3) atoms is physically unrealistic
under typical conditions. Additionally, the inclusion of CN = 10-12 surface atoms in the same model is
crystallographically impossible. The authors have not explained how such inconsistencies arise within their
reconstruction, nor have they provided any theoretical or experimental justification for the stability of these
anomalous surface structures. Simply stating that nanomaterials inherently contain more defects does not
resolve this issue—defects do not invalidate fundamental principles of crystallography and bonding.

In particular, the presence of metal atoms with coordination numbers as low as 1 is fundamentally unreasonable.
In nanomaterials, metal atoms with CN = 1 are essentially suspended in space and cannot form stable bonds
under normal conditions, unless some unobserved species—such as oxygen—are present, which would not be
captured in HAADF-STEM. Moreover, the occurrence of atoms with CN = 10-12 on the surface is physically
implausible. Even on a highly idealized (111) surface, the maximum coordination number should not exceed 9.
The atomic model shown in Figure 3 includes such unrealistic configurations, which contradict basic
crystallographic principles.

Additionally, the model exhibits extreme variation in coordination numbers in different directions of the same
crystal. For example, in Figure 3a, atoms viewed along the z-direction appear neatly arranged with high
coordination numbers (deep red), even in areas with twin boundaries. However, when viewed in the plane, the
atomic coordination drastically decreases, with low-coordination atoms appearing in regions that do not overlap
with the twin boundaries. This discrepancy raises serious doubts about the authors' claim that low-coordination
atoms are confined to defect regions. The coordination of surface atoms does not correlate with the distorted
twin boundaries, further questioning the credibility of the proposed mechanism. Instead of simply asserting the
validity of their electron tomography technique, the authors should provide additional computational or
experimental evidence demonstrating that their reconstructed structure is physically meaningful and not a result
of overfitting or misinterpretation.

2. Flawed Raman Peak Assignment & CO Interference The authors' explanation regarding the Raman peak at
~2100 cm™" still does not rule out interference from Cu-CO adsorption. The assumption that CO cannot form
under their experimental conditions is oversimplified. As shown in ACS Energy Lett. 2020, 5, 8, 2706-2710,
carbon electrodes can introduce contamination, leading to CO-related signals even when no intentional CO
sources are present. The authors have not provided any direct experimental evidence to eliminate this
possibility.

Furthermore, the reference J. Phys. Chem. C 2016, 120, 31, 17334-17341, which they cite in support of Cu-H
assignment, explicitly states: "This band is unlikely to be COad, because the peak position of COad on Cu at the
same potential was observed at 2070 cm~' (Figure 2b), 20 cm~" lower than the observed peak." This statement
comes from an infrared (IR) spectroscopy study, and while IR and Raman shifts may differ slightly, this reinforces
the fact that Cu-CO peaks can appear in a similar spectral region. Additionally, in the present study, the reported
Raman peak is closer to 2070 cm~' than to the claimed 2090 cm™", further casting doubt on the Cu-H assignment.

3. Internal Inconsistency in the Authors’ Hypothesis Perhaps most concerning is that the provided Raman
spectra do not align with the authors' own mechanistic hypothesis. The authors claim that hydrogen
adsorption energy increases, enhancing the hydrogen evolution reaction (HER) performance. However, if
Cu-H were indeed responsible for the peak at ~2100 cm~', a shift in the vibrational frequency should be
observed. No such shift is apparent in the provided data. This fundamental inconsistency further weakens
their interpretation.

@ report < permalink

#5 Etmopterus schultzi comment accepted March 2025

#3

Furthermore, | have just thoroughly reviewed the three articles provided by the authors in their response: Nature
470, 374-377 (2011); Nature Mater 14, 1099-1103 (2015); Nature 624, 564-569 (2023). However, none of these
articles claim to have observed atoms with coordination numbers of 1-3. Therefore, the authors' use of these
references to support the existence of low-coordination atoms is unfounded and inconsistent with the content of
the cited papers.
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Figure 2h shows the presence of significant compressive straifiz
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#9 Dasystenella austasensis comment accepted April 2025

Could the authors please clarify the meaning of the color bar on the right side of Supplementary Figure 287

Specifically, it is unclear why the scale ranges from 0 to 110—what does this numerical range represent

physically?
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